


THERMAL POWER STATIONS 





‘M.LReznikov and Yu.M.Lipov 


1. Steam Generation at Electric Power Stations 2.Power-producing Fuels and 
Their Characteristics 3. Fuel Preparation at Power Stations 4.Theoretical 
Principles of Combustion 5.Combustion Products 6. Efficiency of Fuel Heat 
Utilization 7.Pulverized Coal-fired Furnaces 8.Gas and Fuel Oil-fired Fur- 
naces 9. Characteristics, Parameters and Motion Equations of Working Fluid 
10. Temperature Conditions on Heating Surfaces 11.Hydrodynamics ofOpen 
Hydrautic Systems 12.Hydradynamics of Closed Hydraulic Systems 13.Hydro- 
dynamics of Bubbling Systems 14.Physico-chemical Principles of Behaviour 
of Impurities in Working Fluid 15.Water Conditions 16.Processes on the Fire- 
side of Heating Surfaces 17. Evaporating Heating Surfaces 18. Steam Super- 
heaters and Superheat Control 19. Low-temperature Heating Surfaces 
20. Heat Exchange in Heating Surfaces of Boilers 21. Layout and Heat Cal- 
culation of Steam Boiler 22. Steam Boilers of High-capacity Monobtoc Units 
23. Steam Boiler Operation 24.Steam Generators of Nuclear Power Sta- 
tions 25. Metals for Steam Boilers 


MIR PUBLISHERS 





M. M. Pesaunnos, 10. M. Jinnos 
NMAPOBbIE KOTJIbI 

TENJIOBbIX WIERTPOCTAHLUMA 
«Oneprouafary + Moca 


OF 
THERMAL POWER STATIONS 





M. I. Reznikov, Yu. M. Lipov 


Translated from the Russian 


y 
Vadim Afanasyev 


Mir Publishers - Moscow 


First published 1985 
Revised from the 1981 Russian edition 


Ha anzautickom asure 


© c¢Suepromapate, 1981 
© English translation, Mir Publishers, 1985 


Preface 
Chapter Í. 


Steam Generation at Elec- 
tric Power Stations 


1.1. The Steam Boiler at a Power 
Station .. 
4.2. Classification of Steam Boilers 
1.3. Flow Diagram of Steam Produc- 
WOM. | ees ena A a! Ries ; 
1.4. Principal Characteristics of 
Steam Boilers .... . 
Chapter 2. Power-producing Fuels 
and Their Characteristics 
2.4. Kinds and Compositions of Fuels 


2.2. The Heating Value and Resolv- 
ed Characteristics of Fuels . 


2.3. Technical Choracteristics of So- 
lid Fuels ......-. 
2.4. Technical Characteristics of Fuel 
Oil and Natural Gases . . 
2.5. Main Deposits of Fossil Fuols 
Chapter 3, Fuel Preparation at Power 
Stations ....... 
3.1. Methods of Solid Fuel Combus- 
tion o iena tee i ee ek 
. Pulvorization Systems 


. Characteristics of Coal Dust. 
Optimal Degree of Pulveriza- 
tion 


3.4. Pulverization Equipment . 
3.5. The Preparation of Fuel Oil and 
Natural Gas ........ 
Chapter 4. Theorclical Principles of 
Combustion ...... 
4.1. Tho Kinetics of Combustion Re- 
actions ........... 
4.2. The Mechanisms of Fuel Com- 
bustion 2... 2... eee 


4.3. Kinetic and Diffusion Regions 
of Combustion . 

4.4. The Ignition of Fuel- -air Mixtu- 
re, Combustion Front P 

4.5. The Burn-off Intensity of Fuel 


Chapter 5. Combustion Products . . 


5.1. Tho Composition of Combustion 

Products ........4.. 
5.2. Determination of Excess Air Ra- 

tio for an Operating Boiler . . 
5.3. Toxic Substances in Waste Ga- 
ses and Measures of Environmen- 
tal Control 


CONTENTS 


10 


10 
15 


17 
2i 


22 


26 


31 


32 


RE 


45 


47 


47 
50 


56 
59 


60 
64 


Chapter 6. Efficiency of Fuel Heat 
Utilization ... 
6.1. The Heat Balanec and Efficiency 


of the Steam Boiler . . . 
6.2. Analysis of Heat Losses . 


7. Pulverized Cual-fited Fur- 
naces Bea 


Chapter 7 


-1. Principal Ciineseipcialics of 
Chamber Furnaces 

. Burners and Their Arrangement 

. Dry-bottom Furnaces . 

. Slagging-bottom Furnaces 


alala] 
i GO tS 


Chapter 8, Gas and Fuel Oil-fired Fur- 
naces 


8.1. Furnace Design 
8.2. Fuel Oil Burners 
8.3. Combustion of Natural Gas 

8.4. Combined Gas-fuol; Oi] Burnors 


Chapter 9. Characteristics, Parame- 
ters and Mollon” Equations 
of Working Fluid ... 


Principal Hydrodynamic and 

Heat-transfer Equations for the 

Water-steam Path 

. Characteristics of Motion of a 
Steam-water Mixture . . 

. Regimes of Steam-water Mixtu- 
re Flow a 

. Hydraulic KResistances . . 

Thermophysical Properties of 
Working Fluid in the Path of a 
Monobloc Unit 


9.1. 


Chapter 10. Temperature {Conditions 
on Heating Surfaces . . 


10.1. Classification o, Heating and 
Cooling Modes `. . 

10.2. Heat-transfer Crisis in " Evapo- 
rating Tubes 

10.3. Temperature Conditions Along 
the Length of a Channel . 

10.4. Temperature Conditions Aro- 
und tho Periphery of a Channel 

10.5. Heat Exchange in Steam Ge- 
nerators of Nuclear Power Sta- 
lions 

Chapter 11. Hydrodynamics of Open 

Hydraulic Systems . . . 


11.4. Classification of Open Hydrau- 
lic Systems 


100 


103 
105 


107 


110 


110 
112 
114 
118 


123 


124 


. Hydrodynamic Stability of 
Flow in Horizontal Evaporat- 
ing Tubes ........., 

. Hydrodynamic Stability of 
Flow in Vertical Evaporating 
Tubes ........0.. 

4. Maldistribution of Heat . . . 

.5. Effect of Headors on the Di- 
stribution of Working Fluid 
Botween Tubos 

. Flow Pulsations 


Chapter 12. Hydrodynamics of Closed 
Hydraulic Systems 


12.4. Laws of Free Circulation : 
12.2. Calculation of Circulation Cir- 
cuits PES pr 3 
12.3. General Hydraulic Characte- 
ristic of Evaporating Tubes and 
Its Role in Estimating tho Re- 
liability of Circulation . . . 
Hydrodynamics of Descending 
Tubes and Its Effect on the 

Reliability of Circulation . 


12.4. 


Chapter 13, Hydrodynamics of Bubbl- 
ing Systems à 


13.1. Laws of Bubbling . . BEE 
13.2. Dynamic Layer in Steam Wash- 


Release and Impurities on tho 
Dynamic Two-phaso Layer 


Chapter 14. Physico-chemical Prin- 
ciples of Behaviour of Im- 
purities in Working Fluid 


14.1. Impurities in Feod Water and 
Their Effect on Equipmont 
14.2. Solubility of Impurities in an 
Aqueous Heat-transfer Agont 
and Formation of Deposits . . 
Passage of Impurities from 
Water to Saturated Steam . 


14.3. 


Chapter 15. Waler Conditions 


15.1. Removal of Impurities from 
the Circuit 
15.2. Water Conditions 
through Boilers .... 
15.3. Non-scaling Water Conditions 


. of Drum-type Boilers . 
15.4. Methods for Generating Clean 
Steam . ... : 


Chapter 16. Processes on the Fireside 
of Heating Surfaces 


16.1. Mechanism of Scaling : 
16.2, Abrasion Wear of Convective 

Heating Surfaces Suen ee 
16.3. Corrosion of Heating Surfaces 


Chapter 17. Evaporaling Heating Sur- 
faces eer tr 





Contents 
17.1. Heat Absorption by Evaporat- 
ing Surfaces and Their Layout 
126 17.2. Reliable Designs of Wator Walls 
17.3. Gas-light Water Walls and Mo- 
thods for Enhancing Their Re- 
130 liability 2... 2.4, wit 
136 17.4. Refractory-faced Water Walls 
Chapter 18. Steam Superheaters and 
144 Superheat Control 
143 18.4. Classification of Superlicaters 
{8.2. Operation aod Reliability of 
Superleaters ........ 
145 48.3. Positioning of Superhoators . . 
445 18.4. Superhoat Temperature Control 
148 Chapter 19. Low-temperature  Ileat- 
ing Surfaces ..... 
19.1. Arrangement of Low-tompora- 
ture Ileating Surfaces . 
151 19.2. Economizers .......«. 
19.3. Air Heaters ......2.. 
zp 19.4. Corrosion Control of Air Hea- 
155 LOTS Oe es Gece ee a ne 
Chapter 20. Heat Exchange in Heat- 
157 ing Surfaces of Boilers . . . 
157 20.41. Thermal Characteristics of Wa- 
lor Walls ..... 2.2... 
462 20.2. Flamo Emissivity ..... . 
20.3. Calculation of Radiant Heat 
Transfor in a Furnace Se eu. 
162 20.4. Radiant Heat Transfer in Boi- 
ler Flue Ducts ....... 
20.5. Couvoctive Hoat Transfor in 
Boiler Fluo Ducts ...... 
165 20.6. Velocitics of Gases and Working 
Fluid in Convectivo Heating Sur- 
465 facos > cad. eis sew 0s 
Chapter 21. Layout and Meat Calcu- 
466 lation of Steam Boiler . . 
21.1. Boiler Layout and Structures 
172 24.2. Thermal Diagram of a Boiler 
21.3. Heat Calculation of a Boiler 
178 
Chapter 22, Steam Boilers of Migh- 
178 capacity Monobloc \Units 
22.4. Solection of Boiler Design Ac- 
180 cording to tho Type, Capacity 
and Operating Conditions of 
183 Power Station ....... 
22.2. Characteristics of Modern Steam 
184 Boilos ..........0. 
Chapter 23. Steam Boiler Operation 
192 93.4. Operating Conditions and Cha- 
192 Facteristics ......... 
23.2. Steady Regimes of Boiler Ope- 
196 Tation .........2- 
198 23.3. Unsteady Rogimos of Oporation 
Within Allowable Loads . . . 
23.4. Starting-up Circuits of Mono- 
202 bloc Unita 


202 
203 


210 
216 


217 
217 
222 
223 
225 
232 
232 
234 
236 
243 


246 
246 
249 
251 
255 
257 


260 


262 


262 
270 
273 


276 


276 
281 
290 
290 
292 
294 





23.5. Shut-dawn and Load-shedding 

Regimes .....2..2... 

23.6. Regimes of Boiler Firing and 

Unit Starting ....... 

Chapter 24. Sleam Generators of Nuc- 
lear Power Stations 


24.1. Classification and Characteri- 
stics of Steam Generators for 
Nuclear Power Stations 

24.2. Steam Generators with Aqueous 
Coolant .......... 

24.3. Steam Generators with Liquid- 
metal and Gaseous Coolants . 


Contents 


393 
306 


312 
a14 


317 


24.4 Nuclear Roactor as a Sleam Ge- 
norator 


Chapter 25. Metals for Steam Boilers 


25.1. Metal Behaviour at High Tom- 
peratures -......... 

25.2. Motals for Steam Boilors 

25.3. Strength Calculations nee 

25.4. Metal Control in Operation . . 


References ... . 
Index .... 


ee ‘bs o 


321 
324 


324 
327 
330 
333 


335 


PREFACE 


This textbook has been written as 
a higher-education course in steam 
boilers for thermal power stations. 
It presents the theory of the processes 
which occur in steam boilers, designs 
of boilers for thermal power stations 
and steam generators for nuclear power 
stations, and the operating principles 
of boilers and steam gencrators. 

The material in the book is based 
on four fundamental principles which 
are closely interrelated and reflect 
the current slale of progress in science 
and technology: (1) the physico-chemi- 
cal processes in the fuel, gas-air, and 
water-steam paths of modern high- 
capacily boilers; (2) the correlation 
between these physico-chemical pro- 
cesses and the design, layout and 
arrangement of steam boilers and their 
elements; (3) advanced technological 
processes and their technical and eco- 
nomical substantiation; and (4) the 
correlation between the processes oc- 
curring in boilers and the principles 
of boiler operation. This method of 
analysis encourages the optimal selec- 
tion of technological processes, boiler 
designs, and operating regimes. 

At the beginning of the course, we 
explain the role and place of the steam 
boiler in the general scheme of elec- 
tric power production at modorn high- 
capacity steam-turbine power stations, 
give the classification of steam boliers, 
describe the functions of the princi- 
pal boiler elements and, in introduc- 
tory form, the physico-chemical pro- 
cesses which occur in the water-steam, 
fuel and gas-air paths of boilers. 
Thus, the students are immediately 
introduced to the range of topics which 
are later discussed in more detail. 

A number of chapters are devoted 


to power-producing fuels and their 
characteristics, fuel preparation for 
combustion, the theoretical princip- 
les of combustion, technology of fuel 
combustion, and efficiency with which 
heat is utilized in steam _ boilers. 
Next the book focuses on the prin- 
ciples of hydrodynamics and the tem- 
perature and water conditions in sLeam 
boilers. This constitutes the range of 
problems related to the processes of 
steam generation. 

Having studied the processes of fuel 
combustion and steam generation, Lhe 
reader is acquainted with several par- 
ticular designs of steam boilers and 
steam boiler elements. Special empha- 
sis is placed on the processes and plants 
for high and supercritical steam para- 
meters, monobloc units, the utiliza- 
tion of non-traditional fuels, and 
methods for increasing the reliability 
and efficiency of power plant equip- 
ment. 

Furtheron, the book explains the 
principles, stages and sequence of heat 
and hydraulic calculations for steam 
boilers, including data on the appli- 
cation of electronic computers and 
the development of mathematical mo- 
dels of steam boilers. The concluding 
chapters are of a generalized nature 
and describe certain particular de- 
signs of modern steam boilers, trends 
in their development, and principles 
of boiler operation. 

In view of recent progress and pers- 
pectives in nuclear power engineering 
and the construction of high-capacity 
nuclear power stations, of large theo- 
retical and practical interest are data 
on tho sleam generators of nuclear po- 
wer stations. For the first time in 
higher-education textbooks, some pro- 
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cesses occurring in the steam boilers 
of thermal power stations and steam 
generators of nuclear power stations 
are discussed in parallel. In addition, 
a separate chapter is devoted solely 
to the steam generators of nuclear 
power stations. 

The authors have carefully selected 
the illustrations for the book. For 
deeper analysis of the problems being 
studied, different types of boiler cir- 
cuits and designs are compared in illu- 
strations. In somo illustrations, boi- 
lers or their elements are shown in a 
simplified form to facilitate the rea- 
der’s understanding of how they func- 
tion and the processes which lake 
place in thom. 

The present book is the result of 


many years of lecturing a course on 
steam generators of power stations at 
the Moscow power engincering insti- 
tute, which has been initiated by Acade- 
mician M. A. Styrikovich. 

The authors would like to express 
special thanks to their colleagues on 
the faculty of steam generators of 
power stations at the Moscow power 
engineering inslitute [faculty chair 
Prof. V. S. Protopopov, Dr. Sc. (Eng.)], 
the reviowers of the book, the faculty 
of steam generators at the Saratov 
polytechnical institute [faculty chair 
Prof. A. V. Zmachinsky, Dr. Sc. 
(Eng.)) and B. I. Shmukler, Cand. 
Sc. (Eng.), for their valuable com- 
ments on the manuscript. 


STEAM GENERATION AT ELECTRIC POWER STATIONS 


1.1. The Steam Boiler 
at a Power Slation 


An electric power station is an in- 
dustrial plant for generation of electric 
energy. In the USSR and industrially 
developed countries, the major portion 
of electric energy is produced at fuel- 
fired (thermal) power stations which 
utilize the chemical energy of com- 
bustion of organic fuels. A certain 
quantily of electricily is also produced 
al nuclear power stations, a kind of 
thermal stations which utilize the 
energy of nuclear fuels, and at hydraulic 
power stations which utilize the energy 
of falling water. 

Irrespective of the type of station, 
electric energy is, as a rule, produced 
on a centralized basis, which means 
that individual power stations supply 
energy to a common power grid, 
and therefore, are combined into po- 
wer systems which may cover a large 
territory with a large number of con- 
sumers. This principle increases the 
reliability of power supply to consu- 
mers, decreases the required reserve 
power, reduces the cost of produced 
energy due lo more rational load on 
the power stations of a system, and 
allows the use of power plants of higher 
unit power. At some power stations, 
the centralized principle is employed 
for the supply of heat to consumers in 
the form of hot water and low-pressure 
steam, as well for the supply of elec- 
tric energy. [lectric power stations, 
eloctric and heat power networks and 
consumers make up what is called a 
power system, Individual power sy- 
stems may be interconnected by high- 
tension electric power lines into a 
power grid. Most of the power grids 


in the Soviet Union comprise the 
supergrid, which is the highest form 
of organization of energy production. 

Thermal power stations. Steam-tur- 
bine power stations are the’main type 
of power stations operating on orga- 
nic fuels. They are subdivided into 
condensation plants which produce olec- 
tric energy only and heat-and-power 
plants which can produce both elec- 
tric energy and heat. 

Steam-turbine power plants are ad- 
vantegeous over other types in that 
they permit concentration of an enor- 
mous power in a single unit, have a 
relatively high economic efficiency and 
require the lowest capita) costs and 
short time of their construction. The 
main thermal units at a sLeam-turbine 
power station are a steam boiler and a 
steam turbine (Fig. 1.1). A steam boiler 
is a combination of heating surfaces 
in which steam is generated from con- 
tinuously fed water by utilizing the 
heat liberated on combustion of orga- 
nic fuel which is fed into tho boiler 
furnace togother with tho air required 
for combustion. The water supplied 
into a steam boiler is called feed 
water. Feed water is preheated to the 
saturation temperature and vaporized 
and the saturated steam thus formed 
is further superheated. 

As fuel is burned, it forms combu- 
stion products which sorve as a heat- 
transfer agent in the heating surfaces 
where it gives up ils heat to the water 
and steam which are called the wor- 
king fluid. On passing the heating 
surfaces, the combustion products are 
cooled to a relatively low temperature 
and ejected from the boiler through a 
stack into the atmosphere. The stacks 
of high-power stations have a height 
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of 200-300 m or even more to mini- 
mize local concentrations of conta- 
minants in the air. Solid fucls leavo 
ash and slag on combustion, which 
are disposed of from the boiler plant. 
The superheated steam produced in 
a boiler is supplied into a steam tur- 
bine where ils thermal energy is con- 
verted into mechanical work on the 
turbine shaft. The latter is connected 
1o an electric generator in which the 
mechanical energy is transformed into 
electricity. The waste, or dump, steam 
is fed from the turbine into a con- 
denser, an apparatus in which the 
steam is cooled and condensed by 
means of cold water supplied from 
a natural (river, sea, pond) or artifi- 
cial (cooling tower) water source. 

At modern condensation power 
plants with a unit power of 150 MW or 
more, reheat superheating is employed, 
usually by arranging a single-bank 
reheat superheater (reheater) (Fig. 1.1a). 
Double-bank reheat superheaters aro 
employed at power plants of a very 
high power; in this scheme, steam is 
returned to the boiler from two inter- 
mediate turbine stages. Reheat super- 
heating increases the efficiency of a 
turbine and accordingly decreases the 
unit steam consumption for power 
generation; it also diminishes tho 
moisture content of the steam in the 
low-pressure turbine slages and de- 
creases erosion wear of turbine blades. 





Superheuted steam 


(8) i 


Fig. 1.4. Principal thermal diagram of (a) condensing station and (b) heat and power station 


j—steam boiler; 2—sleam turbine; 3s—clectric generator; 4—condenser; 5—condensate pump, a —tred 
pump; 7—low-preasure heater: s—high-preasure henter; 9—deacrntor, s0—malns water heater; 11—I\ndu- 


t?—water-treatment plant 


The condensate is pumped by a 
condensate pump through low-pressure 
water heaters into a deaerator, where 
the condensale is made to boil and 
is freed from oxygen and carbon dio- 
xide thal might cause corrosion of the 
equipment. Water from the deacrator 
is fed by means of a feed-water pump 
through a high-pressure water heater 
and then into the steam boiler. The 
condensate in low-pressure water hea- 
ters and the feed water in high-pres- 
sure watcr healers are heated by the 
steam taken off from the turbine; 
this is called regenerative water hea- 
ting. This method increases the effi- 
ciency of a steam-turbine plant and 
decreases the heat loss in the conden- 
ser. 

Thus, the steam boiler of a conden- 
salion power plant (Fig. 1.1a) is sup- 
plied with the condensate formed from 
the stcam produced in the unit. Part 
of this condensate is lost in the system 
as leakage. At heat and power sta- 
tions, another portion of the steam 
produced is taken off and supplied 
as process sleam to industrial consu- 
mers and for domestic purposes. Al 
condensation plants, the steam leakage 
conslilutes only a small fraction of 
the tolal steam consumption, around 
0.5-1%, und is compensated for by 
make-up water pretrealed in a water- 
treatment plant. At heat and power 
stations, the quantily of make-up 
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Fig. 1.2. Principal thermal diagrams of (a) single-circuit, (b) two-circuit and (e) three-circuit 
nuclear power stations 


t—reactor; 2—steam turbine; 38—clectrie generator: 


4—condenser; S5—pump; é6—sleam generator; 


7—Intermedlate heat exchanger 


water added may attain 30-50% or 
even more. 

Make-up water and turbine conden- 
sate contain cerlain impurities, main- 
ly dissolved salts, metal oxides and 
gases. These impurities enler the steam 
boiler together with the feed water. 
In the course of vaporizalion, tho 
concentralion of impurilies in the 
water increases and under cerlain con- 
ditions they can form deposits (scale) 
on the healing surfaces of the boiler, 
which impair heat transfer. Further, 
impurilies of the water can partially 
pass to steam on vaporization, which 
should be avoided where possible, 
since the sleam must be perfectly 
pure so as to prevent deposition of 
impurities in the turbine. For the 
two reasons mentioned, high conta- 
mination of feed water is inadmissible; 
the concentration of impurilies in 
feed water is regulated by special 
standards and must be striclly con- 
trolled. 

The operation of a steam boiler de- 
pends on a number of auxiliary devices 
and mechanisms, which include fuel- 
preparation devices, feed pumps to 
supply feed water to the boiler, forced- 
draft fans to supply air for combu- 
stion, induced-draft fans to eject com- 
bustion products through the stack 
into the atmosphere, etc. A steam 
boiler and the whole complex of its 
auxiliary equipment constitute what 
is called the boiler plant, or boiler 
installation. A modern boiler plant is 
a complicated engineering facility for 
steam generation in which all working 


processes are mechanized and automa- 
tically controlled; an automatic pro- 
tection system prevents failures of a 
boiler plant and enhances the relia- 
bility of ils operation. 

The principal trends in the deve- 
lopment of steam boilers seem to be 
as follows: increase of the unit power, 
increase of the initial pressure and 
temperature of steam, application of 
intermediate steam superheating, me- 
chanized and automated control, manu- 
facture and delivery of boiler equipment 
in large blocks for easier and quicker 
assembly. 

Nuclear power stations. A unit in 
which a controlled chain reaction of 
nuclear fission of heavy elements can 
be effected is called a nuclear reactor. 
Fuels for nuclear reactors include 
natural isotopes (such as U5) and 
synthetic isotopes (U2, Pu?™, etc.). 
The nuclear energy liberaled by the 
chain reaction of nuclear fission is 
transformed into heat which is remo- 
ved from the reactor by a coolant. 
A nuclear power slation may have one, 
two or three circuils. 

In a single-circuit nuclear power 
station (Fig. 1.2a), steam is gencraled 
directly in the nuclear reactor which 
therefore doubles as a steam generator. 
Single-circuil stations are simpler and 
less expensive and contain the least 
number of equipment units. On the 
other hand, the working fluid (water 
and steam) is irradiated in the reactor 
and becomes radioactive, which ne- 
cessilales biological shielding of the 
reactor proper and the equipment of 
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the water-sleam circuit of the sla- 
tion. Contamination of steam may 
result in the formation of deposits on 
the surfaces of Lhe equipment. Since 
these deposits are radioactive, repairs 
of the equipment are more difficult 
lo make. 

In a fwo-circuit nuclear power station 
(Fig. 1.26), the flow of a liquid, gas 
or molten metal is heated in the reac- 
tor and serves as the heat-transfer 
agent which Lhen gives up its heat to 
the working fluid in a sleam genera- 
tor. Therefore, a lwo-circuil slalion 
has an addilional unit, a steam genc- 
rator which naturally increases ils 
cost. The heat-transfer agent must 
have a certain temperature gradient 
over the working fluid for the heat to 
be transferred from the former to 
the latter. For that reason, with water 
used as the heat-transfer agent, Lhe 
temperature of steam entering Lhe 
turbine is lower than that in a single- 
circuit station. The two-circuit scheme 
requires thal the pressure in the 
reaclor be maintained al a higher level 
than that of the steam delivered into 
the turbine. On the other hand, two- 
circuit nuclear power stations have 
certain advantages over the single- 
circuit type in that radioactivity does 
not extend beyond the first circuit, 
and therefore, the turbine and other 
equipment of the second circuit are 
safely accessible for repairs and bio- 
logical shielding is indispensable only 
for the first circuit. 

In a three-circuit nuclear power sta- 
tion (Fig. 1.2c), liquid sodium is used 
as the heat-transfer agent in the first 
circuit. Being irradiated in the reac- 
tor, sodium is liable to activation 
with the formation of an isotope pos- 
sessing a high energy of y-radiatlion. 
For that reason the first circuit is iso- 
lated from the working circuit by an 
intermediate second circuit. In the 
second circuit, either sodium or an 
Na-K alloy can be used as the heat- 
transfer agent. Should the shielding of 
the second circuit become untight, 
the radioactive sodium of the first 
circuit is prevented from getling into 


the second by maintaining the pressure 
in the second circuit at a higher level 
than in the first. In the third circuit, 
water is the working fluid. In three- 
circuit nuclear power stations, bio- 
logical shielding is set up around the 
firsL and the second circuit. 

Combined steam-and-gas power 
plants and MHD plants. With intro- 
duction of supercritical steam parame- 
ters (p = 25.5 MPa, t-, = 545°C), sc- 
condary intermediate steam superhea- 
ting (lace = 545°C), heat regeneration, 
and application of boilcr-turbine mo- 
nobloc units of high power (1 200 MW 
and more), the thermal efficiency of 
thermal power stations has approa- 
ched closely ils thermodynamic limit 
(slightly more than 40%). Any fur- 
ther increase of the inilial steam para- 
meters increases substantially the cost 
of boiler-turbine units, since more 
expensive high-alloyed steels must 
be employed. Further, it is difficult 
to ensure the required reliability of 
such units. 

In view of this, combined systems 
have been designed and tested indu- 
strially. They include a steam-turbine 
plant and a high-temperature gas- 
turbine plant. Of practical interest. 
are the combined steam-gas plants in 
which a gas turbine operates in the 
high-temperature portion and a sleam 
turbine, in the low-temperature por- 
tion. Two main possible schemes of 
combined gas-sleam power plants are 
shown in Fig. 1.3. In both, tho gas 
turbine operates on high-temperature 
heat. In Fig. 1.3a@, this heat is libera- 
ted in the combustion chamber into 
which fuel and compressed atmosphe- 
ric air are supplied. The gases of com- 
buslion are used to perform work in 
the gas turbine. The exhaust gases and 
some of fuel are fed into the furnace 
of asleam boiler which generates steam 
Lo drive a steam turbine. The combu- 
stion products as fed into the boiler 
furnace contain around 16% oxygen, 
so that special air supply for com- 
bustion in the boiler furnace is not 
needed, which makes it possible to 
dispense with an air preheater. The 
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Fig. 1.3. Thermal diagram of a steam-gas 
power plant 


J—alr;, 2—compressor; s—fucl; 4— combustion cham- 
ber; 5—gas turbine; 6—exhausl gases; 7—electric 
generator; g&—steam boller; o—steam turbine: 
to—condenscr, 1!—condensate: pump; 12—low-pres- 
sure heater; 13—deaerator; 14—fecd pump; 15— 
high-preasure heater; fé—heat exchanger, 77— 
high-pressure steam boiler; 14—emergency waste 
gas disposal 


unit fuel consumption of steam-gas 
plants is 34% lower than that of a 
steam-turbine plant with the same 
initial steam parameters. 

Another scheme (Fig. 1.36) com- 
prises a high-pressure steam boiler 
in which fuel combustion and heat 
transfer Lake place at a high pressure 
(0.6-0.7 MPa). This makes it possible 
to intensify these processes and decrease 
the dimensions of the boiler and 
thus to save metal substantially. As in 
the previous scheme, the gas turbine 
operates on the high-temperature heal 
of combustion products, i.e. the furnace 
gases of the high-pressure steam 
boiler. The steam generated in the 
high-pressure boilor is fed into a steam 
turbine. The combustion products from 
the gas turbino are cooled by a part 
of the water flow fed for steam gene- 
ration. With the same initial parame- 





Fig. 1.4. Combined stenm-gas power plant 
on nuclear fuel 


1—reactor; 2—compressor,; gJ—gas turbine; 4— 
electric gencrator; S—steam generator, 6—ferd 
pump; 7—condenser; s—- steam turbine 


ters of steam, the unit fuel consump- 
tion of a combined steam-gas plant. is 
4-6% lower than thal of a steam- 
turbine plant. Tho capilal expendi- 
tures are also lower by 8-12%. 

Combined steam-gas plants with nuc- 
lear reactors have also heen developed 
(Fig. 1.4). In this version, the com- 
bustion chamber is replaced by a po- 
wer reactor wilh a gascous heal-trans- 
fer agent, such as an inert gas, for 
instance, helium, which allows the 
temperature at the reactor oxit to be 
raised up to 1 500°C or even more. 
High-temperature gas-cooled reactors 
can be employed efficiently at nuclear 
power stations with steam turbines. 
In steam-gas power plants operaling 
on nuclear fuels, the steam boiler uti- 
lizes the heat of exhaust gases of gas 
turbines. 

Another type of combined systems 
with steam cycle is a magnetohydrody- 
namic (MHD) plant. Its characteristic 
feature is that heat is converted into 
electricity without tho use of ma- 
chines (Fig. 1.5). Atmospheric air is 
compressed in a compressor, preheated 
in the boiler to 1 000-1 200°C and fod 
together with fucl into the combu- 
stion chamber where the combustion 
products form at a tempcrature of 
2 500°C and are ionized. Intensive gas 
ionization is effected by adding com- 
pounds of potassium, caesium and 
other alkali metals into the combustion 
chamber. 

Hot ionized gases (high-temperaturo 
plasma), which possess the proper- 
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Fig. 1.5. Principal thermal diagram of MHD 
power plant 

I—fuel; 2—ionizing seeds; 3—hot alr; ¢—combu- 

stion chamber; 5—MHD channel; 6—electric mag- 

nets; 7—gas duct; 8—air heater; 9—heallng sur- 

faces of steum boller; 10—exlt of combustion pro- 

ducis; 13—steam boller; 12—pump; J3—condenser, 


34—electric generator; 25—sleam turbine; 16— 
compressor; 77—d.c.-o.c, converter, i4—energy 
to line; 19—alr 


ties of an electric conductor, aro fed 
through a nozzle into a channel and 
move in il al a speed of roughly 
700 m/s. Powerful permanent mag- 
nets create a magnetic field in the 
channel. As plasma moves in the power- 
ful magnetic field, ionized gas partic- 
les induce a direct current in an elec- 
tric circuil which is then converted 
into an alternaling current. The gas 
flow leaves the channel al a tempe- 
rature of 1 500-2 000°C. This high- 
temperature heal of the gases is uli- 
lized for preheating of the air to be 
supplied to the combuslion chamber 
and for generation of steam which is 
fed into a steam turbine. The effi- 
ciency of MHD plants may be as high 
as 50-60%. Roughly 70-80% of tho 
total electric energy aro produced in 
the MHD channel and the remainder, 
in the steam power plant. 

As may be seen from Lhe above prin- 
cipal schemes of electric energy produc- 
lion at power stations, the steam boi- 
ler at a thermal power plant and the 
steam generator at a nuclear power 
station are indispensable unils and 
belong to Lhe basic units of a power 
plant of practically any power ra- 
ting. A steam boiler and steam gene- 
rator are intended for production of 


ls 


steam in the required quantity which 
can ensure the specified power of 
the turbine and the specified steam 
parameters. 


1.2. Classification of Steam Boilers 


According to the laws of phase trans- 
formations, the production of super- 
healed steam involves the following 
sequence of processes: preheating of 
foed water to the saturation tempe- 
rature, steam generation, and super- 
heating of saturated steam to the spe- 
cified temperature. These processes can 
occur only within striclly defined li- 
mits and can be effected in three types 
of healing surfaces. Water preheating 
to the saturation temperature is done 
iu an economizer, (the formation of 
steam takes place in evaporating hen- 
ting surfaces, and steam superheating 
is carried oul in a superheater. 

The working fluid in heating sur- 
faces (waler in the economizer, steam- 
water mixlure in evaporating Lubes, 
and superheated steam in the super- 
heater) must move continuously in 
order to ensure continuous heat re- 
moval and maintain the appropriate 
temperature conditions for the metal 
of the heating surfaces. In this process, 
waler in the economizer and sleam 
in the superheater come only once 
in contact with the heating surface 
(Fig. 1.6). The economizer offers hyd- 
raulic resistance to the motion of wa- 
ter, which must be overcome by pro- 
vision of a sufficiently high head in the 
feed pump. The pressure developed by 
the feed pump must excced the pres- 
sure at the entry to the zone of steam 
generalion by the magnitude of the 
hydraulic resistance of the economizer. 
Similarly, the motion of steam in the 
superhoater is due to a pressure gra- 
dient between the zone of steam gene- 
ration and the steam turbine. 

The combined motion of water and 
steam in evaporating tubes, which 
has to overcome the hydraulic resi- 
stance of these tubes, can be effected 
in various ways. Accordingly, a di- 
stinclion is made between natural- 
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Fig. 1.6. Principal schemes of steam generation in boilers 


(a) natural circulation; (b) multiple forced circulation; Fa i once-throu; 
; 4—downtake tubes 


J—feed pump; #—economizer; 3— 


h acheme; (d) combined circulation; 
> 5—header; 6—evaporating tubes, 7—super- 


heater; s—pump for multiple forced circulation: 9—mlxer; 10—back-pressure valve 


circulation boilers, forced-circulation 
boilers and once-through boilers. 
Natural-circulation boilers. Let us 
consider a closed circuit (Fig. 1.6a) 
comprising two systems of tubes: a 
systom of heated tubes 6 and a system 
of unheated tubes 4, which all are 
connected Lo a drum 3 at the top and 
to a header 5 at the bottom. This clo- 
sed hydraulic systom of heated and 
unheated tubes forms a circulation 
circuit. The volume of the drum oc- 
cupied by water is called the water 
Space and that occupied by steam is 
the steam space. The surface that sepa- 
rates the water space from the steam 
space is called the steam-relieving, 
or disengagement, area. The water space 
of the drum and the evaporating tu- 
bes are filled with boiler water. 
Boiler water is made to boil in the 
evaporaling tubes 6, which thus turn 
oul to be filled with a steam-water 
mixture of a density p,. Unheated 
tubos £ are filled with water of a 
density p at the existing pressure in 
the drum. Therefore, the lowermost 
point of the circuit, i.e. the header, 
is subjected on the one hand to the 
action of a water column in the un- 
heated tubes, which is equal to Họ'g, 
and on the other hand, to the pres- 
sure of the steam-water mixture which 
fills the healed tubes, Hpag. As steam 
is formed, the resulting pressure dif- 
ference H (p' — pg) g causes motion 
of water in the circuit and for that 
reason is called the driving head in 


natural circulation: 


Sar = H (p’ — Pa) 8 (1.1) 
where Sg- is the driving head in na- 
tural circulation, Pa, H is the height 
of the circuit, m, p’ and pa are the 
densities of water and steam-water 
mixture, respectively, kg/m*, and g 
is the acceleration due to gravily, 
m/s?. Since the steam-waler mixture 
in heated tubes moves upward, these 
are called ascending, or uptake, tubes, 
while the unheated tubes in which 
water moves downward, are called 
descending, or downtake, tubes. 

Steam boilers in which the motion 
of the working fluid in the evaporating 
tubes is due to the head formed by 
circulation only which appears natu- 
rally on heating the tubes, are called 
natural-circulation boilers. 

In contrast to the motion of water 
in the economizer and of steam in the 
superheater, where the working fluid 
passes through the healing surface 
only once, the working fluid moves 
multiply through a circulation circuit. 
This means that after a single pas- 
sage through the evaporating tubes 
water is converted to steam only par- 
tially and onters the drum in the 
form of steam-water mixture. With 
natural circulation, the mass steam 
content al the cxil from evaporating 
tubes is 3-25%. With the steam con- 
tent at the exit, say, 20%, water 
should be passed five times through 
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the circulation circuit to bo vaporized 
completely. f 

Since the process of steam formation 
occurs continuously and feed water 
is fed to the drum continuously too, 
as the steam is consumed, wator cir- 
culates in the circuil all the time and 
its quantity is not changed. The ratio 
of the mass flow rate of circulating 
water Go, kg/s, to the quantity of 
sleam formed per unit time, G,, kg/s, 
is called the circulation ratio (circu- 
lation rate): 


k=G6,)G, (1.2) 


In natural-circulation boilers, the 
circulalion ratio is within 4-30 or 
somelimes more. 

The working fluid can be moved 
forcedly in evaporating tubes, for 
instance, by means of a pump inclu- 
ded into the circuit. Such plants are 
called forced multiple circulation boi- 
lers (Fig. 1.6b). The driving head of cir- 
culation in thal case is several times 
the driving head in natural circulation. 
This makes it possible to arrange tho 
evaporating tubes in any manner dic- 
tated by the boiler design and to ef- 
fect circulation with the steam-water 
mixture moving not only vertically 
upwards, but also horizontally or even 
downwards. In steam boilers of this 
type the circulation ratio may be 3 
to 10. 

Steam boilers with natural multiple 
circulation feature a drum which is 
a reservoir providing working fluid 
circulation in a closed hydraulic system 
and separation of water from steam. 
The drum determines all the prin- 
cipal zones of a boilor: economizing, 
stoam-generaling and suporheating. 

Drum-type boilers operate at sub- 
crilical steam pressures, p < per. 

Once-through steam boilers have no 
drum and the working fluid passes 
through the evaporating tubes only 
once (Fig. 1.6c), since the circulation 
ratio is equal to unity (k = 1). A once- 
through boiler represents an open 
hydraulic system. Its another typical 
feature is that there are no distinct 
boundaries belween the economizing, 
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evaporating and superheating zones. 
In the evaporating surfaces of once- 
through boilers, water is continuously 
converted to steam. Once-through boi- 
lers can operate at subcritical and 
supercritical pressures, p =: per- 

In combined-circulation boilers (Fig. 
1.6d), back-pressure valve 70 is opened 
at starting and the plant operates by 
the circuit as in Fig. 1.66. On attai- 
ning the specified load, the circula- 
tion pump is switched off and tho 
back-pressure valve is closed automa- 
tically to run the boiler by the scheme 
of Fig. 1.6c. 


1.3. Flow Diagram of Steam Production 


Tho flow diagram of steam produc- 
tion in a steam-turbine power sta- 
tion with once-through boilers fired 
with pulverized solid fuel is shown 
in Fig. 1.7. Solid lumpy fuel is deli- 
vered in railway cars to the fuel de- 
pot. Cars are pushed into dumpers 
to be turned on tho axis through 180° 
for discharging the fuel into bunkers 
beneath. Automatic fuel feeders sup- 
ply fuel onto belt conveyers of the first 
lift which transfer it to crushers. 
Crushed fuel (of a size not over 25 mm) 
is delivered by the second-lift conveyer 
into the boiler room bunkers. The 
crushed fuel is then fed into grinding 
mills where it is ground to the final 
size and dried. The fuel-air mixture 
formed in the mills is supplied into 
the boiler furnace. 

In Sovict power engineering, steam 
boilers of []-shaped profile are most 
popular (for more detail see Sec. 24.1). 
The boiler consists of two vertical 
prismatic shafts connected at the top 
by a horizontal gas duct. The first 
(larger) shaft serves as the boiler fur- 
nace. Its volume may be within a wide 
range from 1000 m? to 30000 m? 
or more depending on boiler capacity 
and type of fuel. Tubular plane sy- 
stems, or water walis, are arranged 
around the entire perimeter and along 
the whole height of the furnace chamber. 
They are heated directly by radiant 
heat. of the flame and are essentially 
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Fig. 1.7. Flow diagram of steam generation 


7—conl pile; e—belt conveyer; 3 and ¢—bunkers; 5—car dumper with a car; 6—crushing plant; 7— crusher 
bunker, 4—coal-grinding mill; 9—prlmary air; s0—fuel-air mixture; 11—bumers; J2—-boller front; 13— 
atcam holler; 14—fumace space; 15— secondary alr; 16—lower radiation ection; 27—mlddle radinlion sec- 
tion; 184—upper radiation section; 19—ruperhested steam; 20— convective suprrhenter; 23—nir intake 
from boiler room; 22—air intake from the outside; 27—cold alr duct; 24—reheat superheater; 253— horizon- 
tal gas duct; 26-—ronvective sbuft (vertical gas duct); 27—economlrer, 28—fecd water, 29—nir henter; 
30—forced-draft fan; 31—ash collector; 32— induced-draft fan; 33— stack; 3¢—slag-ash channel 


the radiant heating surfaces. In modern 
planis, water walls in the furnace are 
often made of finned tubes which are 
welded together lo form a continuous 
gas-tight (gas-impermeable) shell, which 
is covered on the oulside by a shell 
of a heat-insulating material to mini- 
mize heal losses to the surroundings; 
this ensures proper sanilary condilions 
in the boiler room, and prevents burns 
of the personnel. 

The second vertical shaft and the 
horizontal duct that connects it with 
the furnace serve for accommodating 
heating surfaces which receive heat 
by convection (convective surfaces) 
and are called respectively the convec- 
tive shaft and the convective duct. 

Having given up their heat to the 
water walls, combustion products leave 
the furnace at a temperature of 
900-1 200°C (depending on the type 
of fuel) and enter the horizontal duct. 

As water moves through the boiler 
tubes, it gradually transforms into 
steam. The heating surfaces in which 
steam is formed are called evaporating, 
or steam-generating. In once-Lhrough 
boilers, the evaporating heating sur- 
face is arranged in the lower portion 
of the furnace and is called the lower 
radiation section. With supercritical 
steam parameters, il also includes a 
radiant economizer. Water supplied 
to a boiler is called feed water. 


Feed waler contains certain impu- 
rilies. During the process of stean gene- 
ration, the content of steam in the 
steam-water mixture increases, waler 
evaporates, and the concentration of 
impurities increases. At a certain con- 
centration at the end of tho steam- 
generaling zone, impurities may he de- 
posited on the internal surfaces of 
tubes as scale. The conductivity of 
deposils is only a small fraction of 
that of the tube metal. This impairs 
heat transfer to the working fluid and, 
with intensive heating in the boiler 
furnace, can cause overheating of the 
metal which then loses strength and 
can fracture under tho pressure of the 
working fluid. 

The heating surface in which steam 
generation is completed and steam 
superhealing begins is called the tran- 
sition zone. Deposition of scale takes 
place mostly in this zone. In earlier 
designs of once-through boilers, the 
conditions of operation of the metal 
of this zone were made easier by brin- 
ging tho transilion zone oul of the 
furnace into the convective duct where 
the intensity of heating was roughly 
one order of magnitude lower (offset 
transition zone), In modern practice, 
once-Lhrough boilers are fed with 
practically puro waler, so thal no 
scale forms under normal operating 
conditions and the transilion zone 
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can be arranged within the furnace; 
the working fluid passes from the 
lower radiation section directly into 
the water walls above it where steam 
is superheated (radiant superheater). 
The radiant superheater can include 
either two heating surfaces: the me- 
dium radiation section and the upper 
radiation section, which are connected 
in series, or only the upper radiation 
soction immedialely downstream of 
the lower radiation section. Partially 
superheated steam flows into the last 
heating surface which is arranged in 
the convectivo duct; this is the con- 
vective superheater where steam is hea- 
ted to the specified temperature. Su- 
perheated steam of the required para- 
meters (temperature and pressure) is 
directed into the turbine. Like any 
heating surfnce, the convective super- 
healer is a system of a large number of 
steel tube coils connected in parallel 
and interconnected by headers at the 
inlet and outlet ends. 

The temporalure of combustion pro- 
ducts downstream of the convectivo 
superheater is quite high (800-900°C). 
Part of the worked-off steam can be 
returned from the turbine for secon- 
dary (intermediate) superheating, usu- 
ally to the same temperature as that 
of steam from the main superheater. 
This is the intermediate (reheat) super- 
heater (or, simply, rehkeater). 

The combustion products al the 
outlet from the intermediate super- 
heater are still rather hot (500-G00°C) 
and their heat can be utilized in a 
convective economizer. Feed water 
supplied into the convective economi- 
zer is preheated to a temperature be- 
low the saturation point and is fed 
into the lower radiation section. The 
temperature of combustion products 
downstream of the economizer is 300- 
450°C or sometimes more. Further 
heat utilization is effected in a next 
conveclive heating surface, the air 
heater. It is a system of vertical tubes, 
with combustion products flowing in 
the tubes and air, between them. The 
temperature of air is 30-GO°C at the 
inlet to the air healer (cold air) and 
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250-420°C at the outlet (hot air), de- 
pending on kind of fuel and method 
of combustion. 

With pulverized fuel combustion, 
the preheated air is separated into 
two flows. The primary air is used 
for drying of fuel and transport. of 
fuel dust through burners into the 
boiler furnace. The temperature of 
this fuel-air mixture is 70-130°C. The 
secondary air is directed immediately 
through burners into the furnace (by- 
passing the fuel mills) at the tempe- 
rature it has had after the air heater. 

Downstream of the air heater, the 
combustion products have already a 
rather low temperature (110-160°C). 
Further utilization of their heat is 
economically inefficient and they are 
ejected through the stack into the al- 
mosphere. They are called waste, or 
chimney, gases. 

Upon burning, fuel leaves fly ash 
which is mostly carried off by com- 
bustion gases. Fly ash is catched (col- 
lected) in a fly-ash collector which is ar- 
ranged upstream of the induced-draft 
fan. This arrangement prevents abra- 
sion wear of the induced-draft fans 
and contamination of the atmosphere 
with fly ash. The collected ash is re- 
moved by means of ash-removal devices. 
Part of ash falls onto the bottom of the 
boiler furnace and is removed conti- 
nuously by the ash-handling system. 

The flow diagram of steam genera- 
tion in drum-type boilers differs from 
that described above only in the de- 
sign and operation of the boiler pro- 
per (Fig. 1.8). In this case, the steam- 
waler mixture formed in the furnace 
water walls is fed into the boiler drum. 
The steam separated in the drum is 
practically dry and is fed first into 
the superheater and then into the 
turbine. 

As follows from the flow diagram 
of steam generation (see Fig. 1.7), 
a boiler plant has the following basie 
paths: 

—the fuel path, i.e. a combination 
of eloments in which solid fucl is trans- 
ported, crushed, ground, and dolivered 
to the boiler furnace for combustion, 


Superheated steam 
to turbine 










Steam from 
reheater to 
turbine 


Steam from 
lurbine 


Fig. 1.8. Diagram of free-circulation drum- 
type boiler 


J—furnace apace; 2—water walls; 3—burnere; 
¢—downtake tubes; 5—drum; 6—radiant superhea- 
ter; 7—convective superheater, 8—intermediate 
superheater (reheater); s—economlzer; 
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The fuel path comprises the crushing 
equipment, conveyers, crushed-fuel bun- 
ker, grinding mill, and pulverized-fuel 
duct leading to the furnace. Up to the 
crushed-fuel bunkers, fuel is transfer- 
red by conveyers. Beginning from the 
grinding mill, the resistance in the 
fuel path is overcome by the head of 
the fan; 

—the water-steam path, or circuit, 
is a system of series-connected ele- 
ments for the transport of water, steam- 
water mixture and superheated steam. 
The water-steam circuit includes the 
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following elements: an economizer, 
furnace water walls, and sleam super- 
heaters; 

—the air path includes a combina- 
tion of elements for suction of atmos- 
pheric (cold) air, its preheating, trans- 
port and supply into the furnace. The 
air path comprises a cold air duct, 
air healer (ils air side), hot-air duct, 
and burners; 

—the gas path is a complex of cle- 
ments in which the combustion pro- 
ducts flow from the furnace inlo the 
atmosphere; it begins in the boiler 
furnace and passes through the super- 
heaters, economizer, air heater (its 
gas side), ash collector and stack. 

The air and gas paths are connected 
in series forming what is called the 
gas-air path. The transition from one 
to the other takes place in the boiler 
furnace spaco. The diagram of a gas- 
air path is shown in Fig. 1.9a. In this 
circuit, air is transported by blowers 
and the corresponding air path in the 
portion between the blower and furnace 
is at a pressure higher than the atmos- 
pheric. Combustion products arc trans- 
ported by induced-draft fans arranged 
downstream of the boiler, and there- 
fore, the furnace proper and all gas 
ducts are at a pressure below the 
atmospheric. This is what is called 
the balanced draft scheme. 

The transport of air to the furnace 
and of combustion products to the 
atmosphere can be ensured by forced- 
draft fans only, i.e. without induced- 
draft fans (Fig. 4.96). In that case, 
the furnace and gas ducts are under 
acertain excess pressure (supercharged). 
For comparison, Fig. 1.10 shows the 
pressure distribution in the gas-air path 
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Fig. 1.9. Diagrams of gas-air paths 
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Fig. 1.10. Pressure distribution in gas-air path of (a) supercharged boiler plant and (b) 
balanced-draft plant 


of a boiler with balanced draft and 
in that with a supercharged furnace, 


1.4. Principal Characteristics 
of Steam Boilers 


The steam-generating capacity D, 
t/h (or kg/s), is the quantity of steam 
produced by a boiler per unit time. 
A boiler is calculated for a raled steam- 
generating capacity D,, which is under- 
stood as the highest load of the boiler 
in stable operation for a long Lime on 
the specified fuel and with the rated 
Parameters of steam and feed water. 
The steam-generating capacity of in- 
dustrially made boilers ranges within 
very wide limits. 

At present, power engineering in 
the USSR is based on the use of boi- 
ler plants producing 1000, 1 650 or 
2650 t/h of steam of supercritical 
parameters (pressure 29.5 MPa, steam 
superheating 545°C, intermediate su- 
perhealing 545°C) and having the ef- 
ficiency of 92-94%. Such boilers sup- 
ply steam to turbines of a power respec- 
tively of 300, 500 or 800 MW. The 
steam boiler and the turbine consti- 
tute a monobloc unit. Recently a mo- 
nobloc unit for a power of 1 200 MW 
with a boiler of a capacily of 3 950 t/h 
has been put into operation. At some 


heat and power slations, smaller boi- 
lers for lower steam parameters are 
employed. 

Superheated steam is characterized 
by its parameters: the pressure and 
temperature in the outlet header of the 
superhealer. The boilers employed at 
power stations differ in the pressure 
of steam, which may be high (10 or 
44 MPa) or supercritical (25.5 MPa). 
Steam boilers for pressures of 14 MPa 
and more are as a rule made with se- 
condary steam superheating. 

Boiler preassembling. The time of 
construction and mounting of boiler 
plants can bo shorlened appreciably 
by making larger (preassembled) boi- 
ler units at the manufacturing works. 
Preassembled units must match with 
the dimensions of railway cars. Preas- 
sembled units are transported to the 
boiler plant site to be mounted into a 
boiler. The coefficient of preassem- 
bling, which is the ratio of the total 
mass of preassebled units to the whole 
mass of a boiler plant, may be as high 
as 80-90%. Tho largest difficulties 
arise in manufacture of preassembled 
units of the boiler structure. Preas- 
sembling places certain requirements 
on the boiler design, since preassom- 
bled units should satisfy the spe- 
cial conditions of their transport and 
mounting. 
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POWER-PRODUCING FUELS 
AND THEIR CHARACTERISTICS 


2.1. Kinds and Compositions of Fuels 


The development of power engineer- 
ing is directly linked to the const- 
ruclion of new thermal and nuclear 
power stations, i.e. plants operating 
on organic or nuclear fuels. 

Organic fuels are those which can 
generato substantial quantities of heat 
(per unit mass or unil volume) by 
reacting with oxygen. 

Organic fuels suitable for produc- 
tion of large quantities of heat with 
a sufficient economy are termed power- 
producing. Their reserves must be 
enormous and relalively casily ex- 

lorable. Besides, they must be of 
ow value as starting materials for 
other branches of industry. The most 
popular kinds of power-producing fuels 
employed at thermal power stations 
are as follows: solid—coals and lig- 
niles and some products prepared 
from them, anthracite and semianth- 
racite, liquid—fuel oil, and gascous — 
natural gas. Peat, oil shales, stabi- 
lized oil and industrial gaseous fuels 
(blast-furnace and coke-oven gas) are 
used to a lesser extent, though in 
some regions of the country they con- 
stitute an appreciable share of the 
fuel balance. 

Of late, electric energy is produced 
more and more at nuclear power sta- 
tions which utilize the energy of nu- 
clear fission of radioactive heavy me- 
tals: uranium (U?) and plutonium 
(Pu). The richest uranium ore, ura- 
ninite, contains 65-90% of uranium 
dioxide UO, in which only 0.72% 
falls on radioactive U2 and the ba- 
lance is the common U?"*. The ori- 
ginal nuclear fuel is processed in gas- 


diffusion plants to raise the concen- 
tration of U™® to 1.5-3.5%, after 
which it can be charged into nuclear 
reactors. One kilogram of U** libe- 
rates on fission roughly 85 mln MJ 
of heat, which is cquivalent to the 
combustion of 3500 t of coal with 
the heating value 24.5 MJ/kg. 

In the USSR, thermal power sta- 
tions consume roughly 40% of the 
total organic fuel. Coals, fuel oil 
and natural gas are the predominant 
kinds of organic fuel in their fuel 
balance. The share of coals burned at 
thermal power stations increases gra- 
dually due to the exploitation of new 
coal fields in Siberia and Northern 
Kazakhstan. The consumption of fuel 
oil and nalural gas is approximately 
at the same level as coal. Other kinds 
of solid fuel, such as peat and oil shales, 
constitute only 6-7% of the Lotal fuel 
consumption by thermal power sta- 
tions. In new coal fields, less expen- 
sive opencast mining will be employed 
increasingly. 

All fossil fuels, i.e. solid fuels and 
petroleum, have formed in the process 
of long transformation of the original 
vegetable mass and died-off animals 
under a layer of earth or water. The 
process occurred at a different rate 
as regards the carburization of the 
fuel, i.e. increasing carbon concen- 
tration and decreasing concentration 
of oxygen and hydrogen (Fig. 2.1). 

The degree of carburization, which 
characterizes the depth of chemical 
transformations in fuel (which is cal- 
led the chemical age of fuel) is nol de- 
termined directly by its geological age, 
i.e. the duration of carburization pro- 
cess. 


2.4. Kinds and Compositions of Fuels 
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Crude petroleum is a mixture of 
organic compounds, including minor 
quantities of liquid sulphur and nit- 
rogen compounds, paraffins and re- 
sins. Upon distillation of light frac- 
tions and oils (petrol, naphta, kero- 
sene, gas oil, straw oil), there remain 
viscous heavy fractions —fuel oil which 
is used as a liquid power-producing 
fuel. The mineral impurities present 
in the crude petroleum are mainly 
concentraled in fuel oil. 

Natural gases either form together 
wilh petroleum or are produced by 
synthesis in the presence of water and 
metal carbides at large depths under 
the action of high pressure and tem- 
perature. In many cases, natural gas 
accompanies petroleum. This is what 
is called a casing-head gas; il can be 
used as a power-producing fuel. 

Replacement of solid fuels by li- 
quid and gaseous improves the opera- 
ting conditions of power stations and 
can decrease sensibly the cost of the 
equipment and increase its efficiency. 
For instance, the capital expenditu- 
res for the construction of a power sta- 
tion to be fired with gas or fuel oil 
are lower by 20-24% than those for 
a solid-fuel fired station of the same 
power. The efficiency of fuel oil- 
fired plants is 4% higher (in terms 
of electric energy produced) than that 
of a solid-fuel fired plant. 

The explored reserves of natural 
gases and petroleum are however li- 
mited and constilute only 6% of the 
total world reserves of organic fuel. 
Besides, natural gases and petroleum 
are of the highest value as slarting 
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Fig. 2.4. Comparison of elemental ana- 
lyses of principal fuels 


materials for various branches of na- 
tional economy. On the other hand, 
the reserves of coal exceed 71% of 
the total explored reserves of fuel in 
the world and therefore coals are the 
principal organic fuel. 

The organic mass of solid and liquid 
fuels consists of a large number of 
complox compounds of the principal 
five cloments: carbon C, hydrogen H, 
oxygen O, sulphur S, and nitrogen 
N. Besides, any fuel contains mineral 
impurities A, which enter the origi- 
nal bed mainly from the outside, and 
moisture W. For that reason, the 
chemical analysis of solid and liquid 
fuels is determined not in the terms 
of their compounds, but as the total 
mass of chemical elements in 1 kg 
of fuol, i.o. the elemental analysis of 
a fuel is determined. 

One should distinguish between the 
following five elemental masses of 
fuels: 

working mass 
Cc“ +H" 4-0%4.Nw4S"+4 A7+W" = 100 % 

(2.1) 
analytical mass 
Ca- Ia +02 -Na 4-58 442+ Wa = 100 % 
(2.2) 
dry (moisture-free) mass 
cd 14 OTNES + Ad -= 100 % 
(2.3) 
resolved combustible mass 
Ce + Ile 4-084 NE + SE 100 % (2.4) 
and organic mass 


C+ 1+ 02+ N24-59=100 % (2.5) 
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The working mass of fuel is the 
mass in the form it is delivered lo 
the plant. The consumption of fuel 
and the volumes of combustion pro- 
ducts formed are calculated in terms 
of the working mass. The working 
fuel upon grinding to pulverized state 


and when dried in laboratory to 
the air-dry slate, loses the free mois- 
ture, and ils mass is then called 
analytical. The remaining moisture 
in fuel, W°, which is combincd in the 
original substance, is more often cal- 
led hygroscopic moisture, i.e. We = 
we 


Upon heating of fuel to 102-105°C, 
all its moisture evaporates, thus leav- 
ing the dry mass of fuel. The combus- 
tible mass of fuel includes the ele- 
ments of the original organic matter 
and the sulphur of inorganic combu- 
stible compounds (for instance, py- 
rite FeS,); for that reason, it is cal- 
led the resolved combustible mass. 

In equations (2.1) to (2.4), S, is the 
volatile sulphur, i.e. the sum of pyri- 
te sulphur and organic sulphur which 
can be oxidized in the boiler furnace: 
So = Sp 4- Se. 

T'he organic mass of fuol is essential- 
ly its combustible mass plus pyrite 
sulphur. Apart from the two kinds 
of sulphur mentioned, there is also 
tho sulphato sulphur S, which enters 
the composition of higher oxides (such 
as CaSQ,) and cannot be further oxi- 
dized in combustion. The various 
masses of solid fuel are shown dia- 
grammatically in Fig. 2.2. lt should 
be distinguished between the erternal 
and internal ballast in the composition 
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Fig. 2.2. Diagram of elemental ana- 
lysis of solid fuel 
















of a fuel. The former includes moisture 
and mineral matter and the latter 
includes oxygen and nitrogen which 
enter the original organic matter. 
Combustible elements in fuel are car- 
bon, hydrogen and sulphur, with carbon 
being the principal combustible ele- 
ment. It has a high healing valuc (34.1 
MJ/kg) and constitutes the major por- 
tion of the working mass of fuel (50-75 % 
in solid fuels and 83-85% in fuel 
oils). Hydrogen has a very high hea- 
ting value (120.5 MJ/kg), but its con- 
tent in solid fuels is not high (He = 
= 2-4%) and is somewhat higher 
in liquid fuels (10-11%). Sulphur 
has a low heating value (9.3 MJ/kg} 
and is present in fuels in minor quan- 
tities (S° = 0.3-4%) and for that 
reason is of low value as a combusti- 
ble element. The presence of sulphur 
oxides in combustion products in- 
creases tho risk of corrosion of metallic 
heating surfaces and in certain con- 
centrations may be dangerous to ve- 
getation and animals; this necessi- 
tates measures for the collection of sul- 
phur from waste gases. According to 
their sulphur content, fuel oils are 
divided into low-sulphur (S" < 
< 0.5%), medium-sulphur (S* = 0.5- 
a and high-sulphur (S™ > 2%) gra- 
es. 


In contrast Lo solid and liquid fuels, 
gaseous fuels are mechanical mixtures 
of combustible and non-combustible 
gases. Natural gases consist preferably 
of methane CH, (up to 90-96%), with 
minor quantities of heavier hydrocar- 
bons (ethane Celle, propane CHa, 
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butane CHo, etc.) which are often 
written generally as C,,]1, (1-6%). 
Besides, natural gas contains minor 
quantities of non-combustibles: nit- 
rogen N, (14%) and carbon dioxide 
CO, (0.1-0.2%). 


2.2. The Heating Value and Resolved 
Characteristics of Fuels 


The quantity of heat liberated on 
combustion of a unit mass or volume 
of fuel is the principal thermal cha- 
tacteristic of fuels, called the heating, 
or calorific, value. One should di- 
stinguish between the upper and lower 
heating value. The upper heating value 
Qu is the quantity of heat liberated 
on combustion of 1 kg of solid or li- 
quid or 1 m? of gaseous fuel under the 
conditions that water vapours are 
condensed and the combustion pro- 
ducts are cooled to 0°C. The lower 
healing value Q, differs from the up- 
per heating value by the heat of eva- 
poration of the moisture present in 
the fuel and the moisture formed on 
combustion of hydrogen. In power 
plants, moisture of the combustion 
products remains in a vaporized state 
and the heat consumed for its evapo- 
ration is lost. With a higher moisture 
content of fuel, Q, is lower. 

The lower heating value, kJ/kg, 
can be found by the formula: 


Qi = Qu — Qw (2.6) 


In the general case, the heat of 
moisture condensation, kJ/kg, is: 


Qw — 2500 (aty) =225H+425W 
(2.7) 


where H and W are the concentrations 
of hydrogen and moisture, %, and 
2 500 is the heat of condensation of 
4 kg of moisture at atmospheric pres- 
sure, kJ/kg. 

When finding the lower heating 
value for other masses of fuel, except 
for the analytical and working mass, 
formula (2.7) becomes simpler be- 
cause the moisture term is excluded: 


Qw = 22511 


The higher heating value of solid 
and liquid fuels can be determined 
experimentally by burning a samplo 
of fucl in a calorimetric apparatus. 

Tho heating valuo of fuels can be 
determined approximately from their 
elemental analysis. 

In this respect, the most simple and 
accurate are Mendeleev's formulae 
which contain empirically found coef- 
ficients for various combustible ele- 
ments. For instance, the formula for 
determining tho lower heating value 
of the working mass of solid and li- 
quid fuels is as follows: 


Q! = 339C” +1 030H" 
— 109 (0" — S”) — 25W™ (2.8) 


where C”, H”, etc. are the concentra- 
tions of elements in the working mass 
of fuel, %. For gaseous fuels, if thei- 
analysis is known exactly, the heating 
value of 1 m°? of dry gas can be deter- 
mined by the formula: 


Qt = 0.01 (Qm, 11+ @coCO 
+ Qcn,CHy+ Qn CeHe+ ..-) (2-9) 


where H., CO, CH,, C,H,, etc. are 
the volume concentrations of com- 
bustible gases in fuel, %, and Qu, 
Qco, cu., Qc,H,, etc. are their hea- 
ting values, kJ/m’%. 

Steam boilers of tho same sleam- 
gonorating capacity can consume wide- 
ly different quantities of fuel, since 
the heating value of various fuels may 
vary within wide limits. For compa- 
rison of the efficiency of various po- 
wer plants and for simpler calcula- 
tions of the combustion of various 
fuels, the concept of reference juel 
has been introduced. It is a conditio- 
nal fuel whose heating value is Q, = 
= 29.33 MJ/kg (7000 kcal/kg). 
The consumption of various kinds 
of fuel at power plants can be calcu- 
lated in torms of the reference fuel 
by the formula: 

B,=B8 er 

j Qr 

where B, and B are the consumption 

of the reference fuel and natural fucl, 
respectively. 


(2.10) 
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Tho method of expressing the cle- 
mental analysis of fuels and their 
external ballast (moisture and ash 
content) as percentage of the ori- 
ginal mass of burned fuel is used wide- 
ly in power enginecring. This me- 
thod, however, is not always conve- 
nient for the analysis of operating 
conditions of steam boilers. For in- 
stance, as the external ballast of a 
fuel increases, the heating value of 
the fuel becomes lower, and therefore, 
more fuel must be burned to maintain 
the same steam-generaling capacity 
of the boiler. As a result, the mass 
of the ballast entering the furnace 
increases much more appreciably than 
the fuel consumption, which can form 
intolerable conditions for boiler ope- 
ration. Thus, the percentage of moi- 
sture, ash or sulphur in fuel is not 
sufficient to characterize the valua- 
bility of a fuel. 

The mass consumption of fuels bur- 
ned in steam boilers can be characte- 
rized more reliably by relating the 
concentralion of chemical elements and 
ballast, per cent, to the unit of the 
lower heating value, 1 MJ, which is 
called the resolved characteristic of fuel. 

The resolved moisture content, ash 
content and sulphur content (%-kg/ 
/MJ) are determined by the formulae: 


Weer Bie Sa 
QI Qi Qi 
(2.11) 


For instance, with the same ori- 
ginal sulphur content (S" = 3%) of 
fuel oil (QP = 39 MJ/kg) and brown 
coal (QP = 12 MJ/kg), the mass of 
sulphur oxides carried off with com- 
buslion products is in the latter case 
3.25 times higher, according to the 
ratio of the resolved sulphur contents: 
S’ = 0.077 of fuel oil and S” = 0.25 


of brown coal. 


2.3. Technical Characteristics 
of Solid Fuels 


Efficient combustion of fuels in 
steam boilers requires knowledge and 
correct account of a number of deci- 


sive characteristics of fuols which, 
apart from the heating valuo, include 
the ash contont, moisture content, 
the yield of volatiles, etc. 

Ash content. Mineral impurities are 
present in all kinds of solid fuel. 
Their major portion is nol associated 
with the organic mass of fuel. As re- 
gards their origin, mineral impurities 
can be divided into internal which 
accumulate in fuel beds in the course 
of fuel formation and external which 
pass into the fuel from the surroun- 
ding gangue during exploitation. 

As fuel is burned, its minoral com- 
ponents are subjected to high-tom- 
peraturo transformations. Complex mi- 
neral compounds of the Lype of clays 
Al,0,-2Si0,-2H,O, feldspars K,O- 
-Al,O,-6Si0,, sulphates and carbo- 
nates CaSO,- 2H,0-CaMg(CO)a, etc. 
are destroyed and partly afteroxidi- 
zed by atmospheric oxygen. The resi- 
due remaining after the combustion of 
fuel, i.e. ash, consists mainly of a 
number of oxidos: SiO}, Al,03, Fe0O3, 
CaO, MgO, K0, Na,O and its mass 
turns out, on the average, to be 10% 
smaller than the original mineral mass 
of fuel. The percentage of the ash re- 
sidue relative lo unit mass of original 
fuel is called the ash content. 

The properties of ash play an im- 
portant parl in the operation of a 
steam boiler. Finest solid particles of 
ash aro entrained by tho flow of furnace 
gases and carried off from the furnaco; 
this is what is called fly ash. Another 
part of ash is melted in the flame core 
and drops to the furnace bottom or 
slicks to the surrounding furnace walls 
and forms slags on solidification, i.e. 
solid solutions of minorals whose com- 
position may differ from that of fly 
ash. 

Of spocial importance for the fuel 
combustion process are the fusibility 
characteristics of ash. The melting 
points of various minerals and their 
alloys differ widely, ranging from 
600° to 2 900°C. For thal reason, ash 
is not melted at a fixed temperature, 
but is softened gradually and changes 
from the solid lo liquid state with 
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increasing lemperature. The melting 
temperature of ash is determined by 
the standard cone test, i.e. a cone of 
standard size is pressed from ash and 
placed into a furnace (Fig. 2.3). Du- 
ring heating, the following characte- 
ristic temperatures are marked: 

t, is the beginning of deformation, 
when the shape of the cone starts 
changing, čt, -= 1 000-1 200°C; 

ta is softening, when the top of the 
cone drops to the base or assumes a 
-droplet-like shape, 2, = 1 100-1 400°C; 
and 

t, is the fluid state, when ash begins 
to spread over the plane base, tg = 
== 1 200-1 500°C. 

The basic characteristic of slag is 
ils viscosity. 

Molten slag, if it is in an actual 
liquid state, flows freely along a ver- 
tical or inclined wall when ils vis- 
cosity is less than 200 P (poise). The 
temperature of molten slag at which 
it can flow out freely from a hole is 
-called the temperature of normal li- 
quid slag removal, ¢,,. The tempe- 
rature of fusion of ash and the typical 
-coefficients of viscosity can be found 
from tables of power-producing fuels. 

In burning, the major portion of 
mineral composition of fuel is trans- 
formed into fine fly ash which is car- 
ried off by the gas flow. In furnaces 
-operating under different thermal con- 
«ditions of combustion and slag romo- 
val, the amount of fly ash carry-over, 
āe.. may range from 0.85-0.95 to 
'0.2-0.4. The remaining portion drops 
down onto the furnace bottom as slag 
and is removed therefrom: a,,; = 
= 1—a,. With a higher ash con- 
tent of fuel and a higher concentra- 
tion of fly ash in furnace gases, more 
intricato and expensive ash-collecting 
«devices are needed to prevent pollu- 


Fig. 2.3. Cone test of ash 


I—before heating, 2—beginning of delor- 
mation; 3— softening; giua stale 


tion of the air basin. In that case, 
the speeds of gases in convective ducts 
of boilers are reduced to avoid abra- 
sion wear of tuhes, while deposilion of 
ash particles on the heating surfaces 
impairs the conditions of heat trans- 
fer. As a result, the boiler plant beco- 
mes too bulky in design. 

The yield of volatiles and coke resi- 
due. If a sample of dry solid fuel 
is placed into a crucible and heated 
gradually in an inert medium without 
air, its mass will decrease. At high 
temperatures, oxygen-containing mo- 
lecules of the fuel dissociate and form 
gaseous substances which aro called 
volatiles (CO, H, CH,, COs, ete.). 
The evolution of volatiles from solid 
fuels takes place in the temperature 
range 110-1 100°C. The highest yield 
(up to 95%) occurs at a Lemperature 
near 800°C (Fig. 2.4). For that rea- 
son, the yield of volatiles from solid 
fuels is determined conditionally as 
the decrease of the mass of fuel sam- 
ple upon holding it in a crucible at 
t = 850 + 25°C for 7 minutes, rela- 
ted to the combustible mass of fuel, 
VS 4%. 





` 400 


800 


Fig. 2.4. Evolution of volatiles depending 
on temperature 


t—brown coal; 2--lean coal; 3—anturncite; 4— 
ultimate yield of volatiles for particular fuel 
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Since the yield of volatiles is deter- 
mined in the first place by the con- 
centration of oxygen in fuol, it is 
higher in ‘younger’ fuels (Fig. 2.1). 
For instance, the yield of volatiles is 
V: = 45-50% from brown coals, 25- 
40% from coals, and only 34% from 
anthracites. 

The solid combustible residue re- 
maining upon evolution of volatiles 
is called coke. It may be either dense 
(sintered) or loose (powdered). In air, 
coke ignites at a temperature of 900- 
4200°C. Volatiles evolving from the fu- 
el ensure earlier ignition of coke, since 
they can ignite at a lower tempera- 
ture than the coke residue (350- 
600°C) and thus raise quickly the tem- 
perature of coke particles. Their ef- 
fect is especially strong at the initi- 
al stage of fuel burning. Fuels with a 
higher yield of volatiles ignite more 
quickly and burn more completely. 

Moisture content. It is distinguished 
between the adventitious, adsorbed, 
cellular, and inherent moisture. Al) 
kinds of moisture, except for inherent 
moisture, are removed from fuel on 
heating to 102-105°C. The inherent, 
or hydrate, moisture is firmly bonded 
with the mineral portion of fuel and 
enters the composition of crystals of 
the substance. 

Solid fossil fuels contain mostly ad- 
sorbed moisture which is determined 
by the adsorptivily of complex col- 
loids of the organic mass of fuel. The 
highest adsorptivity is exhibited by 
peat, brown coals and some youngor 
coals. The adsorptivity of a fuel de- 
termines its hygroscopic moisture con- 
tent W*. This moisture characteri- 
zes indirectly the ago of fuel: it is lo- 
wer in older fuels. For instance, 
W" = 10-13% in brown coals and 
only 1.5-2.5% in anthracites. Know- 
ledge of W" is essential for estimating 
the admissible moisture content of 
pulverized coal to avoid sticking of 
particles (at an excessive moisture 
content) or explosion of overdricd 
dust. 

The adventitious, or mechanically 
retained moisture appears in fuel upon 


contact with water and remains on 
its surface due to wetting. Its magni- 
tude depends on the particle size of 
fuel and the external conditions du- 
ring transport and storage. Cellular, 
or capillary, moisture is determined 
by the porosity of fuel structure. It 
is most pronounced in peat. 

A high moisture content in the 
working mass of fuel may cause se- 
tious difficulties in fuel combustion. 
It decreases the heating value of fu- 
el, increases fuel consumption and 
the volume of combuslion products, 
and involves higher heat losses with 
waste gases and greater enorgy con- 
sumplion for driving the induced- 
draft fans. An elevated moisture 
content of furnace gases can cause 
stronger corrosion of metal in the 
air heater and increase conlamina- 
tion of the heating surfaces. Wet fu- 
el is sticky, which involves difficul- 
ties in its transport and preparation, 
and besides, it can congeal in winter 
time. The effect of the sulphur pre- 
sent in fuel on the boiler operation 
will be discussed in the section to fol- 
low. 


Table 2.1. Grading of Coals 
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Low-caking | SS 17-37 | Poorly sin- 

coal tered, pow- 
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Lean coal T: 9-17 | Poorly sin- 
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dored 





2.4. Characteristics of Fuel Oil and Natural Gases 


Grading of solid fuels. Solid fuels are 
graded mainly according to their mois- 
ture content in the working mass 
(brown coals) or the yield of volatiles 
(coals). For instance, brown coals are 
divided into three groups: Bi with 
moisture content W” up to 40%; 
B2 wilh W” = 30-40%, and B3 with 
W” less than 30%. The grading of 
coals is based on the yield of volatiles 
i the characteristics of coke (Table 
2.1). : 
Fine fraclions of fuel (screonings) 
which remain after screening of the 
produced fuel are additionally graded 
by a lotter that shows their particle 
size, for insLance: Sh — fractions from 
6 mm and less; SSh—fractions from 
13 mm and less; R—ordinary (un- 
screened) fuel, etc. 


2.4. Technical Characteristics 
of Fuel Oil and Natural Gases 


The quality of fuel oil has:great ef- 
fecl on its combustion in boiler fur- 
naces and tho scheme of fuel oil pre- 
paration and supply to a power sta- 
tion. 

Viscosity. Viscosity isřone of the 
principal technical characteristics of 
fuel oils and the basis for their gra- 
ding. Fuel oils are divided into light, 
medium and heavy grades. Light 
grades include marine fuel oils (F5 and 


Fig. 2.5. Effect of temperature on 
the viscosity of fuel oi 
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F12), while medium and heavy grades 
are used as furnace fuel in boilers 
and other stalionary power plants and 
in process plants. Depending on their 
viscosity and other physical characte- 
ristics, furnace fuel oils are subdivi- 
ded into the following grades: high- 
quality fuel oils 40V and 100V and 
furnaco fuel oils 40 and 100 (40V and 
100V aro heavy grades of fuel oil) (9). 

Viscosity of fuel oils is measured 
in units of kinematic viscosity (cen- 
tisLokes, cSt) or in degrees of Engler 
viscosity (°I5) as measured in an En- 
glor viscometer by the Lime of flow of 
a portion of fuel oil from a calibrated 
hole al standard temperature (80°C 
for heavy fuel oils). For normal trans- 
portation through pipelines and for 
fine aLomization of fuel oil in burners, 
its Engler viscosily should bo within 
2-3.5°E. The viscosily of fuel oil hea- 
vily depends on temperaturo (Fig. 
2.5). Its variations with temperature 
are due to the presence of paraffinic 
hydrocarbons in fuel oil. For easy trans- 
portation in pipes and for normal 
operation of fuel oil pumps, the tem- 
perature of fuel oil should be mainta- 
ined near 60-70°C. 

Rheologic properties. At low tem- 
peratures (10-25°C) viscous fuel oils 
can stick to the surfaces of vessels, 
pipes, etc. and remain on them in a 
layer whose thickness is grealer with 
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a lower temperature. This effect is 
due to the rheologic property of fuel 
oil, i. e. to the rearrangement in the 
structure of hydrocarbon molecules 
which takes place on a decrease of tem- 
perature. Sticking of fuel oil is avoi- 
ded by heating it to a temperature of 
70°C or more. 

Density. The density of fuel oils 
is usually measured in relative units, 
i.c. as the ratio of the fuel oil density 
to the density of water at 20°C which 
iS Po = 0.99-1.06. With an increase 
of temperature, the density of fuel 
oils decreases and can be found by the 
formula: 

P2o 

M- Tp (20) (2.12) 
where Pi, Pan is the relative density of 
fuel oil al a given Lemperature and at 
20°C and f is the coefficient of volume 
expansion of fuel oi! on heating 
by 1°C; for fuel oils, fi == (5.1-5.3) x 
x 10-4. 

Ash content. During processing of 
crude petroleum, the mineral impuri- 
ties present in it are mainly concen- 
traled in heavy fractions and especial- 
ly in fuel oil. The ash residue remained 
upon combustion of fuel oil is not 
large, not more than 0.1% of the dry 
mass. Fuel oil ash is characterized by 
a certain content of vanadium whose 
concentration may be as high as 50% 
or even more. 

Moisture content. Fuel oils usually 
contain 1-3% water. Their moisture 
content can rise substantially (up to 
40-15%) in the course of fuel oil pre- 
heating before pouring it from tank 
cars, owing to the condensation of low- 
pressure steam which is used for hea- 
ting. A small concentration of mois- 
ture in fuel oil is favourable for its 
atomization in burners and improves 
the inflammability characteristics. 
With an clevaled concentration of 
moisture, there is a high risk of cor- 
rosion of convective healing surfaces; 
this also increases the loss of heat with 
combustion products. 

Sulphur content. Petroleum and so- 
lid fuels contain sulphur in the form 
of complex sulphur compounds. 


When petroleum is processed, the ma- 
jor portion of sulphur compounds 
(70-90%) passes to high-boiling fra- 
ctions which are the main components 
of fuel oil. During combustion of fuel 
oil or solid fucl, sulphur is oxidized 
to SO, and a minor portion of il. can 
form the higher oxide SO, (if there is 
enough oxygen in the combustion 
zone), which forms a corrosive medium 
on low-temperalure heating surfaces. 
The content of sulphur in fuel oils is 
toughly the same as in solid fuels 
(SY = 0.5-3%),’ but the corrosive abi- 
lity of the gaseous medium that forms 
on the combustion of fuel oil is seve- 
ral times higher. This is due to the 
fact that, unlike fuel oil, solid fuels 
contain certain components in the ash 
which can neutralize acid media. 

Congelation temperature. The con- 
gelation temperature of petroleum pro- 
ducts is the Lemperature at which they 
become so thick that remain in place 
and do not flow oul for 1 minule from 
a test glass inclined at 45°. Jligh- 
sulphur fuel oils with a high concentra- 
tion of paraffins (Grades M-100 and 
M-100V) are characterized by a high 
congelation temperature (25-35°C). 
The congelation temperature of fuel 
oil should be considered properly 
when selecting the scheme of its tran- 
sport and storage. 

Flash point. The flash point is the 
temperature at which a mixture of 
fuel oil vapours and air can be igni- 
ted when it comes in contact with an 
open flame. Fuc} oil grades used at 
power stations have a flash point of 
90-140°C, while high-paraffinic fuel 
oil may have a lower flash point (up 
to 60°C); the flash point of crude 
petroleum is only 20-40°C. In order 
to avoid fire hazard, preheating of 
fuel oil in open systems should he car- 
ried out at femperalures below its 
flash point and in all cases, not above 
95°C to prevent boiling of the moistu- 
re which may be present in the bulk of 
fuel oil. 

The basic technical characteristics 
of natural gases are densily, explosi- 
veness and toxicity. 
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Fig. 2.6. Ignition ranges of gas-air 
mixtures at 20°C (p = 0.1 MPa) 


tlast-furnace 
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Density. Almost all kinds of gaseous 
fuel are lighter than air, so that esca- 
ped gases may collect under roofs. Be- 
fore firing a boiler, it is essential to 
check that there are no gases in places 
of their probable accumulation. Va- 
rious gases are compared by using the 
concept of relative gas density which 
is the ralio of the density of a given 
gas under standard conditions (0°C, 
1015 Pa) to the density of air: 


Pr=PsiPa= qe (2413) 


where p, and pa are the densities of 
gas and air respectively under stan- 
dard conditions, kg/m?. 
Explosiveness. A mixture of a gas 
and air in a certain proportion can ex- 
plode when in contact with open flame 
or even a spark, i.e. il ignites and 
burns at a speed near the velocity of 
sound propagation. Explosive con- 
centralions of combustible gases in air 
depend on the composition and pro- 
perties of a particular gas (Fig. 2.6). 
In concentrations below the lower li- 
mit of inflammability (explosiveness), 
a gas-air mixlure cannot burn. In 
concentrations above the upper in- 
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flammability limit, a gas-air mixture 
burns without explosion. 

Toxicity. Toxicity is the ability of 
gases to poison the living organisms. 
In thal respect, carbon monoxide CO 
and hydrogen sulphide H.S are most 
dangerous. 

Since all components in natural gas 
are intermixed evenly, the concentra- 
tion of harmful gases in air can be de- 
termined by the presence of methane 
whose concentration is measured by 
methanometer. The test determines 
the explosiveness of the gas mixture. 
Almost all natural gases are odourless. 
For easier detection of gas leakages 
and taking proper safety measures, na- 
tural gas is odoured before pumping 
into a gas pipeline, i.e. a substance 
having a strong smell is added lo it. 


2.5. Main Deposits of Fossil Fuels 


Fossil solid fuels are distributed over 
the USSR territory extremely un- 
evenly. The most developed industri- 
ally regions in the European part of 
the country are not rich in fuel. Of 
greatest importance here is the Do- 
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netsk coal basin which possesses va- 
rious grades of coal and anthracite, 
bul its reserves can no more satisfy 
the growing demand. Besides, coal 
seams are thin and deep-lying which 
makes coal produclion too expensive. 

The main mass of coals is concen- 
trated in the Central and West Sibe- 
ria and Kazakhstan. These coals are 
cheaper than Donetsk coal, notwith- 
standing the costs required Lo trans- 
port them lo the European regions. 
Further, there are large reserves of 
brown coals in the Kansko-Achinsky 
basin (Central Siberia), with power- 
ful shallow-lying seams which can be 
produced profilably by open cast te- 
chnique; this is the cheapest fuel in 
the USSR. Similar characteristics 
have Ekibastuz coals (East Kazakh- 
stan). Kansko-Achinsky brown coals 
will be processed by a complex techno- 
logy into valuable chemical products, 
brown-coal fuel oil and coke breeze, a 


FUEL PREPARATION 


3.1. Methods of Solid Fuel Combustion 


Solid fuel combustion in boiler fur- 
naces can be effected by various me- 
thods: flame combustion, cyclone com- 
bustion, or fluidized-bed combustion 
(Fig. 3.1). Flame combustion is the 
most popular in modern power engi- 
neering. 

The classification of combustion 
methods is based on the aerodynamic 
characteristic of the process which de- 
termines the conditions of contact of 
the burning fuel wilh an oxidant [58]. 

The capacity of a furnace can be ac- 
tually increased without limit by bur- 
ning pulverized coal (coal dust) in a 


fuel of a high healing value (around 
29.3 MJ/kg). 

Petroleum fields in Tyumen di- 
strict are being exploited intensi- 
vely. The production of petroleum and 
condensed gas in this region amounts to 
about 50% of the total production in 
the country. 

Natural gas fields have been found 
in various regions of the country, the 
most widely known being the Shebe- 
linskoe, Dashavskoe and Gazliyskoe. 
Of lale, unique gas fields have been 
found and are being exploiled inten- 
sively in Turkmenistan, South Urals 
and Tyumen district (Shatlykskoo, 
Orenburgskoo, Medvezhye, Urengoi- 
skoe, Yamburgskoe). The gas reser- 
ves in these fields constitute almost 
50% of the total explored reserves of 
natural gas in the country. Large re- 
serves of gas and petroleum have been 
discovered in Komi autonomous di- 
strict. 


AT POWER STATIONS 


suspended state in the furnace space. 
This is what is called flame combusti- 
on (Fig. 3.42). In this method, fine 
particles of fuel are easily moved by 
the flow of air and combustion pro- 
ducts through the section of the fur- 
nace. Combustion takes place in the 
furnace space within a rather short 
time of the presenco of the particles 
in the furnace (1-2 s). The rate of fucl 
burning, and therefore, the amount 
of heat evolved in time, depend on 
the combustion surface. 

In cyclone combustion, fuel particles 
go through intensive turbulent motion 
(Fig. 3.1). In contrast to flame com- 
bustion, the fuel particles are blown 
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Fig. 3.1. Diagrams of combustion of solid fuels 
(a) flame combustion; (b) cyclone combustion; (e) fluldized-hed combustion 


over by the flow and burn off more 
quickly. The cyclone method permits 
the combustion of coarse coal dust 
and even crushed coal. A cyclone fur- 
nace develops a higher Lemperature 
with the result thal Lhe slags are remo- 
ved in the molten state (slagging- 
type furnace). 

In recent timos, a new combustion 
method has come into use in the field 
of power engineering called fluidized- 
bed combustion (Fig. 3.1c). Solid fuel, 
ground to a particle size of 1-6 mm, 
is placed onto a grate and blown from 
beneath with an air flow at such speod 
that the fuel particles are lifted above 
the grate and are reciprocated in the 
vertical plane. In this process, the 
speed of the gas-air flow within the 
fluidized bed is higher than above it. 
The finer and partially burned parti- 
cles rise into the upper portion of the 
fluidized bed where the flow velocity 
decreases, and there they burn comple- 
tely. In operation, the fluidized bed 
increases in volume by 1.5-2 times; 
its thickness is usually 0.5-1 m. 

Heat absorbing surfaces in the form 
of in-line or staggered tube bundles 
are arranged in and above the volume 
of the fluidized bed. The unit heat 
absorption within the fluidized bed 
increases substantially due to the in- 
tensive conduclive (contact) heat tran- 


sfer from incandescent fuel particles 
to heal-absorbing surfaces, Lhough Lhe 
temperaLure of gases in the burning 
bed remains at a relatively low level 
(800-1 000°C), which prevents the me- 
tal from overheating and diminishes 
the concentration of harmful nitrogen 
oxides in combustion products. In 
addition, this method of combustion 
makes it possible to introduce solid 
additions (say, limestone) into the 
bed in order to neutralize the, sul- 
phur oxides that form on combus- 
tion. 

Large power stations consume as 
much as 4 000 t coal per hour or more. 
Even when delivered in cars of a large 
load-carrying capacity (60-125 L), 15- 
30 cars of fuel must be unloaded eve- 
ry hour, which is only possible with 
the use of highly efficient car dum- 
pers. 

The process of pulverization, i.e. 
transformation of lumpy fuel into 
dust, includes two sLages (see Sec. 1.3). 
In the first stage, raw fuel is crushed 
to a particle size of nol more lhan 15- 
25 mm. The crushed fuel is then deli- 
vered into raw coal bunkers and tran- 
sferred to grinding mills where it is 
ground Lo a final particle size of no 
greater than 500 pm. During grinding, 
the fuel is dried by hot air to ensure 
it has good dust fluidity. 
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3.2. Pulverization Systems 


The pulverization system is a com- 
bination of equipment in which solid 
fuel is ground, dried and tansferred 
to the burners of a boiler furnace. 

By the method of delivery of pul- 
verized fucl to the furnaces, pulveri- 
zation systems can be divided into 
central and individual. In the former 
case, the system is arranged in a se- 
parate building (central coal pulveri- 
zing plant) where coal is pulverized 
on a contralized basis and then di- 
stributed through pipelines between 
the boilers of the station. In the lal- 
ter case, cach boiler is provided with 
its own pulverizing equipment, with 
certain provisions being made to tran- 
sfer the pulverized fuel to neighbou- 
ring boilers so as to increase the relia- 
bility of the fuel supply. 

The selection of a particular pul- 
verization system for a power stalion 
presents a complicated — technico- 


cconomical problem. Centralized pul- 
systems 


verizalion turn out lo be 





Fig. 3.2. Individual polverizátion system 

with direct blowing of pulverized fuel into 

furnace for the operation on compressed hot 
air 


I—raw coal bunker; 2—cut-off gate valve; 3—coal 
feeder; 4 raw coal chute; 5—coal mill, 6— dust se- 
parator; 7— dust duct; 4--burner;, 9—steam boiler; 
Jo foreed-dratt fan, 1f—atr heater; 12—primary 
nir path; rx—sccondary alr path, 1¢—secondary 
air duct; 75—cold alr Cor mill ventilatlon; 26— 
explosion relief valve, 17—flapper valve; 18— 
automatic cut-off gate valve 


more efficient economically, especially 
when moist brown coal is pulverized, 
hut their equipment is more intri- 
cate and expensive, and, in addition to 
this, they are not sufficiently reliable 
in operation. Individual systems 
are simpler and more reliable and are 
widely employed by power stations 
(29]. 

Individual pulverization systems 
can be subdivided into the following 
types: closed systems which directly 
blow dust into the furnace space, clo- 
sed systems with an intermediate 
dust bunker, open systems which use 
hot air as a dust carrier. The Lype of 
system (either closed or open) is de- 
termined by the way in which the dry- 
ing agent is ulilized upon fuel drying. 
In a closed system, il is directed into 
the furnace together with dried pul- 
verized fuel; in an open system, the 
drying agent is carefully cleaned from 
fuel fines and ejected into the stack, 
bypassing the boiler furnace. 

The pulverization system with closed 
fuel drying and direct dust blowing 
into the furnace. Crushed fuel is 
delivered from the coal hunker by a 
coal feeder into a grinding mill 
(Fig. 3.2). Hot air at a temperature 
tna = 230-400°C is also fed into the 
mill in order to dry the fuel and tran- 
sfer it further to the boiler furnace bur- 
ners. This is what is called primary 
air. Coarse fractions of pulverized 
fuel are separated in a separator, af- 
ter which the fuel and air (which has 
been moistened by the moisture of 
fuel) are supplied al a temperature of 
80-130°C through pulverized fuel pi- 
pelines to the furnace burners, The 
remaining hot air, which is called 
secondary air, is fed separately to the 
burners. 

The quantity of primary air lo be 
used for the drying and transport of 
pulverized fuel depends on the fuel 
quality, in particular, the moisture 
content. The amount of primary air 
(ry) is usually equal to 0.3-0.5 of the 
total consumption of air for combu- 
stion and increases wilh the moisture 
content. With extremely moist fuel, 
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the use of hol air only for fuel drying 
becomes economically inefficient and 
fuel combustion becomes unstable since 
the greater portion of pulverized 
fuel enters the combustion zone al a 
reduced temperature. In such a case, 
fuel is dried by a higher-temperature 
agenl, say, by mixing the primary air 
with a part of the furnace gases. 

If the pulverization system is ri- 
gidly connécted with the boiler, it 
should satisfy more stringent requi- 
rements as regards the reliability of 
its operation. The number of instal- 
led grinding mills must be no less 
than three and the number of mills 
in operation minus one mill must en- 
sure at least 90% of the rated load of 
the boiler. Hence the productivily of 
a mill, Bm, should be: 


0.98, 
tm—1 


By > 





(3.1) 


where Ba is the fuel consumplion by 
the boiler at the rated load, kg/s, 
and Zm is the number of installed mills 
belonging to the boiler. 

Upon exiting from the mill sepa- 
rator, fuel dust is divided between 
2-4 pulverized fuel pipelines which 
are connected with different, not ad- 
jacent, burners. This is done in order 
to avoid an uneven temperature di- 
stribution in the furnace space should 
the mill be stopped for repairs. 

In the scheme of Fig. 3.2 the resi- 
stance in the pulverized fuel path from 
the mill to the burners is overcome by 
the head developed by the forced- 
draft fan, so that the pulverization 
system operates under a slightly cx- 
cessive pressure (supercharged); the 
pressure upstream of the mill is 1- 
2.5 kPa. An essential condition for 
the safe operalion of the pulverizati- 
on syslem and for maintaining tho 
required cleanliness in the room is 
that the equipment must bo kept per- 
fectly tight. 

The direct blowing system has cer- 
tain advantages: it is simple, the pul- 
verizing equipment is compact, tho 
consumption of electric onorgy for 
pust transport is low, and the fuel 


3* 


supply can easily be automatically con- 
trolled. 

The pulverization system with closed 
fuel drying and intermediate dust bun- 
ker (Fig. 3.3). A characteristic feature 
of this system is that the prepared 
pulverized fuel is separated from the 
transporting air in a cyclone. The dust 
is directed into an intermediate bun- 
ker from which it is fed by special 
feeders into pulverized fuel pipelines. 
The moistened air al the exit from 
the cyclone has a temperature of 
80-100°C and contains 10-15% of the 
finest coal dust. This air cannot be 
discharged through the stack and for 
this reason it is blown by the mill ex- 
hauster into the primary air duct to 
be distributed among the pulverized 
fuel pipelines (Fig. 3.3a). The number 
of pulverized-fuel pipelines and dust 
feeders is equal to the number of bur- 
ners in the boiler furnace. 

Due to the provision of the inter- 
mediate bunker, there is no need to 
match the productivity of the mill 
with that of the boiler, thus each of 
them can operate at the optimal load. 
The mill exhauster forms a negative 
pressure in the system, which avoids 
dust ejection Lo the surroundings. Air 
inleakage through places where the 
system is in contact wilh Lhe surroun- 
ding atmosphere (raw coal chutes, 
dust chutes downstream of the cycloney 
is prevented by means of flapper 
valves which open only for a short 
time to allow the mass of fuel that has 
accumulated on a valve to pass through. 

In the combustion of low-active 
fuels with a low yield of volatiles, 
tho temperature of the pulverized fu- 
cl air mixture should be raised to fa- 
cilitate the ignition of the dust. This 
is achieved in a system where hot air 
is supplied together with pulverized 
fuel (Fig. 3.36). In addition to the pri- 
mary air which is fed into the pulve- 
rizalion system in an amount of 15- 
25%, another portion of hot air 
(20-25%) is directed into the air duct 
and then into the pulverized fuel pi- 
pelines by an auxiliary hot blast fam 
In this caso, the temperature of the 
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Fig. 3.3. Individual closed pulverization system with intermediate dust bunker 
(a) witb pulverized fuel carried by drying agent; (b) with pulverized fuel carried by hot air and with drying 


agent discharged into boiler furnace. Items J-77 as in 
20—chute for retum of coarse fractions; #i—cyclone; 28—pulver: 


&4—mixer; 


g. 3.2; additional items: 19—fuel-drying device; 
{zed fuel bunker, 23—pulverlzed fuel feeder; 


25—primary air duct; 26—mill ventilator; 27—reversiblo screw feeder; 24—molst drying agent 
with fuel fines; 29—flow meter; 30—valve for admitting cold alr; 3?—hot blast fan; 52—discharge burner 


pulverized fuel air mixture is close 
to that of the hot air. The quantity of 
air supplied to the burners turns out, 
however, to be insufficient for complete 
fuel combustion. To correct this, 
low-temperature moistened primary 
air with a slight concentration of fine 
coal dust is fed from the cyclone into 
either the combustion zone through 
special discharge burners or into the an- 
nular channel around the main bur- 
ners. 

In the system described above, the 
load of the steam boiler is controlled 
by the dust feeders by using the re- 
serve of pulverized fuel in the bunker. 


Usually two such systems are provi- 
ded for a boiler. Their productivity 
in terms of fuel is 15-20% higher than 
the maximum fuel consumption by 
the boiler, because of which one of the 
systems remains inoperative for a cer- 
tain time. The system can transfer 
part of the preparcd pulverized fuel 
into the bunkers of other pulverizing 
systems through a reversible screw 
feeder. The available reserve of pulve- 
rized fuel in the bunkers allows short- 
term stoppage of both mills for inspe- 
ction or repairs. 

A disadvantage of the intermediate 
bunker system is that its equipment 
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is too intricate and bulky. Further- 
more, the system has an elevated hy- 
draulic resistance, which increases 
the consumption of electric energy for 
dust transport. Tho storage of a large 
mass of dry dust increases fire and 
explosion hazard. Nonetheless, the 
system can reliably supply steam boi- 
lers with pulverized fuel and for that 
reason has found wide application. 

The above-mentioned drawbacks of 
this systom become especially prono- 
unced in the operation of modern 
high-capacity boilers. In recont ti- 
mes, a now syslom of pulverized coal 
supply has been developed which is 
characterized by a high concentration 
of dust in fuel pipelines. In conventio- 
nal systems, the concentration of dust 
in the primary air flow is usually 
0.4-0.6 kg per kg air. In the now meth- 
od, pulverized fuel is transferred 
by compressed air, with a low air 
flow rate (only 0.1-0.3% of the total 
air flow rale to burners) and with a 
dust concentration as high as 30- 
60 kg/kg air. Since the quantily of air 
is not high, the dust acquires a high 
fluidity for motion through small- 
diameter pipelines (60-90 mm). In 
burners, the dust is spread by hot 
air. The system does not require the 
bulky, 300-500 mm pipelines for the 
transport of dust from the dust bun- 
kers to the furnace burners, sharply 
decreases the unit energy consumption 


for pneumatic transport and enables 
one to adjust the flow rate of primary 
air to the boiler load, which is 
an improvement over the earlier sy- 
stems, 

Pulverization with the open drying 
system. Open pulverization systems 
are employed only with fuels which 
havo a resolved moisture content W* 
of more than 3.6%-kg/MJ. The extra 
cost and more intricate design of the 
system are compensated for by the 
higher efficiency of the boiler due to 
smaller heat losses wilh waste gases 
and lower unburned carbon loss in 
the furnace. A fuel with a high moi- 
sture content is dried by a high-tem- 
perature agent, i.o. combustion pro- 
ducts at a temperature of 400-450°C, 
which are taken off in an amount of 
6-10% of tho gas volume from the gas 
duct downstream of the economizer 
(Fig. 3.4). In another version, drying 
is effected by a mixture of hot air 
and combustion products, with the 
mixture temperature being 500-600°C. 

The worked-off drying agent from 
the cyclone is fed, together with the 
unseparaled finest fuel fractions (ro- 
ughly 10%), into the second stage of 
dust collection, where coal dust is 
separated in’ mullicyclones (a set of 
150-250 cyclone elements of small dia- 
meter), electrostatic precipitators or 
cloth bag filters. The soparated dust 
flows by gravity through chutes into 





Fig. 3.4. Open pulverization system with gas drying of fuel 
1- raw fuel bunker; 2—cul-off gate valve; 3— raw coal feeder, ¢—gas and raw con) mixer, 3— grinding mill: 
6- dust. sepmrator; 7— cyclone; 8— dust collector; 9— dust bunker; 70— steam holler; 71—oir beater, 12— 
burner; J3--maln elcetroslatic precipitators, 44— mil) ventilator; 45- hot blast fan; 16—Induced-draft 


fan: 17—Napper valve; #8—furced-drott fon; 


43—-pmlycrized fuel feeder; 20— pulverized fuel-alr mixer 
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an intermediate dust bunker, while 
the drying agent after the dust col- 
lectors is discharged into the main 
electrostatic precipitators of the boi- 
ler plant and is then combined with 
waste gases. The transport of the dry- 
ing agent is effected by the mill ex- 
hauster, and the supply of primary 
air by tho hot blower (hol blast fan). 

The open system of fuel drying sub- 
stantially improves the qualily of fu- 
el and increases the efficiency of fuel 
combustion. The volume of combustion 
products in the boiler flue ducts 
diminishes, which resulls in lower ae- 
rodynamic resistance and a lower 
waste gas Lemperature. 

An essential drawback of the open 
system is that some fuel fractions are 
lost with the discharged drying agent. 
Another drawback is an elevated ener- 
gy consumption for separation and 
purification of the moist drying agent. 
Despite the complicated system of 
dust colleclors, roughly 1-2% of the 
fuel are lost to combustion and dis- 
charged into the atmosphere, resul- 
ting in air pollution. The loss of fuel 
may rise substantially with improper 
Operation of the dust collectors or a 
high moisture content in the drying 
agent. For these reasons, application 
of the open system is limited only to 
cases of rather moist fuels which can- 
not be burned efficiently by conventi- 
onal methods. 


3.3. Characteristics of Coal Dust. 
Optimal Degree of Pulverization 


Upon being ground in a mill, pul- 
verized coal is essentially a polydis- 
perse powder with a particle size of up 
to 300-500 um. Coarse-ground brown 
coal may have a particle size of up to 
14 mm. Fine particles of pulverized 
coal can adsorb an appreciable quanti- 
ty of air on (heir surface. Froshly 
poured coal dust has a density of 
p = 500-600 kgm but is slumped in 
the course of time and its density in- 
creases to 800-900 kg’m*. When mixed 
wilh air, coal dust has a high [luidity 





and can be easily transported in pipe- 
lines. 

Sieve analysis of pulverized coal. The 
quality of pulverized coal is determi- 
ned by the milling fineness (milling 
dispersily) and the relative concentra- 
tion of individual fractions. These 
characteristics are determined by sieve 
analysis. A sample of pulverized 
coal is screened through 4-5 sieves 
with a progressively decreasing mesh 
size. In the Soviet Union sieves are 
characterized by the clear size of 
mesh expressed in micrometres. Using 
the standard technique of sieve analy- 
sis, the Lotal sieve residue is determi- 
ned by the total number of particles 
of a size greater than the given mesh 
size z, wm, expressed as a percentage 
of the initial sample mass. This resi- 
due is designated as A,. It includes 
the dust residue on a given sieve and 
that on all other sieves above it with 
larger mesh sizes. 

Sieves can be also used for Lhe fra- 
ctional separation of dust with a par- 
ticle size of not less than 40 um. 
Finer-fraction particles stick readily 
to the sieve material and coalesce 
with one another. For this reason, 
the finest dust is blown in an air clas- 
sifier to grade it to size. 

For more clarity and convenience, 
the results of a sieve dust analysis can 
be represented graphically as a par- 
ticle-size distribution curve. If the mesh 
sizes of sieves are laid off as the ab- 
Scissae, z, and the total sieve residues, 
Rz, as ordinates, the resulting curve 
is called the integral particle-size di- 
Stribution curve, or total-residue curve 
(Fig. 3.5). The curve is plotled by 
using the rosulls of screening through 
sieves and of blowing the finest fra- 
ctions in an air classifier. This meth- 
od of dust size analysis is, however, 
labour-consuming and takes up much 
lime. 

The analysis of numerous particle- 
size distribution curves for various 
kinds of fuel has demonstrated that 
all such curves can be described by the 
cquation: 


Rz = 100e-¢=" (3.2) 
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3.5. Complete grain-size characteristics 
ot eae brown coal oblained in mills 
of two Lypes 


J—erinding in hammer mill; 2—grinding in ball 
mill; 3--region of fine dust fractions: 4—region 
of coarse dust particles 


where b and r are constants for a gi- 
ven fuel and particular grinding meth- 
od. They turn out to be unknown on 
grinding fresh dust (they can be deter- 
mined by screening a sample of fuel 
through two sieves, with the mesh size 
x = 90pm and 200 um). 

Of particular importance is the coc- 
{ficient n which is called the polydis- 
persity coefficient of dust. IL characte- 
rizes Lhe structure of dust and its par- 
ticle-size distribulion. This can be 
seen upon differentiation of equation 
(3.2) with respect to x: 


as 





= 100bnr" tet" = Rbnz®-! 
(3.3) 


In this case, the ordinate y,%/pm, 
in Fig. 3.6 will give the concentrati- 
on, %, of particles of the size z. 
With 2 > 1, the curve has a maximum 
in the zone # = 15-24 pm. Such dust 
has a relatively small content of the 
finest fractions. With n =1 and 
n< 1, on the contrary, the highest 
quantity of particles falls on the very 
fine fractions. The loss of heat with 
unburned carbon in boiler furnaces 
depends mainly on the concentration 
of coarse particles in pulverized coal 
(of a size more than 250 nm). 
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Fig. 3.6. Differential curves of the fraction- 
al distribution of pulverized fuel particles 


Energy consumption for pulveriza- 
tion. When grinding a particular ma- 
terial, it is possible to establish cer- 
tain quantilies which will characte- 
rize the energy consumption in grin- 
ding. As relates to grinding fuels in 
grinding mills, Rittinger’ s law is com- 
monly used and is formulated as fol- 
lows: the work spent on grinding a 
material is proporlional lo the newly 
formed surface area: 


fe) 


where Æ is the energy of grinding, 
kW h/kg, N is the mill power, kW, 
B is the mill productivity, kg/h, fe and 
fa are the initial surface areas of 1 kg 
crushed fuel and the final surface area 
of 1 kg of produced dust, respectively, 
mĉ/kg, and A is the unit consumption 
of electric energy in grinding related 
to 1 m? of newly formed surface, kW 
h/m?*. 

Since fg is'much larger than fe, ex- 
pression (3.4) can be simplified: 


Ex Afa (3.5) 


The unit consumption of energy A 
has been measured for most kinds of 
fuel, and therefore, it is possible to 
determine the energy consumed in fu- 


b= =A) (3-4) 
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el grinding if the surface area of the 
dust is known. 

The surface of dust. As illustrated in 
Figure 3.6, the theoretical surface area 
of pulverized fuel consisting of dif- 
ferently sized particles can bo found 
with the following simplified formula— 
assuming the particles are spherical 
or cubic in shape and have the poly- 
dispersity coefficient n: 


AK 1084 100 \ 1/0 
fin = — n ( n i) (3.6) 
where py is the unit densily of ground 
fuel, kg/m®, usually p; = 1700- 
1 840 kg/m’. 


The actual surface area can be fo- 
und by introducing the shape factor 
k, into the formula above. The average 
valuc of the shape factor for pulve- 
rized conl may be taken as k, = 1.75. 
The actual surface area is then found 
as a=- k fen- 

The surface area of the dust is de- 
termined mainly by the concentration 
of fine fractions. The loss of heat with 
unburned carbon in chamber furnaces 
is usually associated with a high con- 
tent of coarse fractions (above 250- 
300 um for anthracites and coals with 
tho yield of volatiles V° less than 25% 
and above 500-600 um at V° more than 
30%). It then follows that pulverized 
fuel should have n > 1, a small con- 
centration of fine fractions (below 
25 pm) and a small concentration of 
coarse fractions. 

Moisture conlent of pulverized fuel. 
Moisture content W, %, is an impor- 
tant characteristic of pulverized fuel. 
An increase in moisture content above 
the recommended level may result in 
lower boiler productivity and involve 
difficulties in dust transport: the dust 
loses fluidity and slumps in bunkers, 
clogs feeders, chutes, etc. On the other 
hand, overdried brown coal and 
coal dust is liable to  self-ignite 
in places where it is stored or accumu- 
lates and may be explosive when mi- 
xed with air. The moisture content of 
pulverized fuel is usually determined 
in terms of the hygroscopic moisture 
content IV" (see Sec. 2.3). 


Dust explosiveness. When coal dust 
suspended in air is confined in a closed 
volume, it will explode more inten- 
sively if its unit surface area is larger 
(i.e. if it contains more fine fractions) 
and if it has a higher yield of volatiles. 
The temperature of the mixture is al- 
so of crucial importance. The most 
dangerous concentrations of coal dust 
lie within 0.3-0.6 kg/m? air. 

The ignition of an nir-dust mixture 
in a closed volume results in a sharp 
rise in temperature and pressure. The 
pressure may rise well above the li- 
mits safe for pulverizing equipment. 
Damage to the boiler plant by explo- 
sions is prevented by installing safe- 
ty (relief) valves which discharge part 
of the mixture from the system should 
the pressure rise excessively. The con- 
centration limit of O, in the drying 
agent, i.e. the concentration below 
which fue] dust cannot explode, is equal 
to 16% for pulverized peat and oil 
shales, 18% for brown coals, and 
19% for coals. The concentration of 
O, can be decreased by drying pulve- 
rized fuel with a mixture of hot air 
and combustion products. The proba- 
bility of explosion is lower in fuels 
with a lower yield of volatiles. With 
the yield of volatiles less than 8%, 
fuel is explosion-safe. A high tempe- 
rature of the dust-air flow promotes 
the formation of explosive mixtures, 
and therefore the temperature of the 
air-dust mixture downstream of the 
mill must be strictly controlled. For 
most pulverized fuels, it should not 
exceed 70-80°C (fuels with a high yield 
of volatiles) and 130°C in other cases. 

The optimal degree of grinding. The 
grinding propertics of various fuels 
are compared in terms of the laborato- 
ry coefficient of grindability, ik, 
which is understood to be the ratio 
of the unit consumptions of electric 
energy for grinding, in a standard la- 
boratory mill, a reference solid fuel 
and the fuel being tested, provided 
that both have the same initial parti- 
cle size and the same ground dust cha- 
racteristics. Thus 


ky = EJE, (3.7) 
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Fig. 3.7. Determination of the 
grinding degree of fuel 
1—fuel with low V€ and low A,; 8—fuel with higher 
values of V° and hy 


optimal 


The condilions in industrial grin- 
ding mills may differ from the stan- 
dard laboratory conditions in the ini- 
tial moisture content of fuel and its 
particle size, therefore, the grindabilily 
k of working fuel may differ from the 
laboratory value k;. 

As follows from formula (3.4), grin- 
ding of fuel to a coarser size results in 
energy savings, AE,,,;, but inevitably 
increases the time of complete combu- 
stion in the furnace and the heat loss 
with unburned carbon AB,. Therefore, 
each kind of fuel has a particular fi- 
neness range within which Lhe total 
expenditures on mill grinding Em 
and the cost of heat loss with unburned 
carbon in the furnace, q;, will be at 
a minimum. Expressing these ilems 
in the same unils, say, in roubles per 
ton dust, they may be plotted and 
compared in a single graph (Fig. 
3.7). The fineness of grinding is usua- 
lly estimated in terms of the sieve re- 
sidue Rs. To find the optimal value 


of Ry, the boiler plant and the pul- 
verization system arc tested at dif- 
ferent degrees of fuel grinding. 
The optimal value of R,, depends 
even more on the yield of volatiles 
V°, type of mill, and type of dust so- 
parator. The effect of these factors is 
expressed by the polydispersity coef- 
ficient. n. Tho optimal fineness of fuel 
grinding can be found by the formula: 


Rept = 4 4- 0.8nV* (3.8) 


3.4. Pulverizalion Equipment 


The grinding mill is the principal 
element in any pulverization system. 
The characteristics of the main types 
of grinding mills are given in Table 
3.4. They differ from one another in 
the principlo of fuel grinding and the 
rotational speed of the movable cle- 
ment. Ball-tube mills and hammer mills 
are used mosl often for the purpose, 
the former heing preferred for grinding 
fuels with n relatively low yield of 
volatiles and the latter for grinding 
younger coals, brown coals, peat, and 
oil shales. Around 98% of the total 
fuel ground in pulverization systems 
fall on Lheso two types of mill. Some 
kinds of coal can be ground more effi- 
ciently in rollor mills. ‘Soft’ (with 
kı >> 1.5) and very moist brown coals 
are ground in pulverizing fans. 

A ball-tube mill (or simply ball 
mill) has a drum 2-4 m in diameter 
and 3-10 m long which is partially 
filled with steel balls 30-60 mm in dia- 
meter (Fig. 3.8). The drum is clad 
with armour plates on the inside and is 
heat- and sound-insulated on the oul- 
side. Raw fuel and hot air are sup- 
plied to the drum through the inlet. 


Table 3.1. Grinding Mills Characteristics 


ET EEE 


Mill type Grinding principle 


Rotalional apecd, 


Speed characteris- 
s7! (rpm) tic 


a a 


Ball-tube mil] Impact, abrasion 


Roller mill Crushing 
Hammer mill Impact 
Vaddle-type mill Impact 
Pulverizing fan Impact 


0.25-0.42 (15-25) Low-speed 
0.85-4.3 (50-80) Medium-speed 
12.5-16.3 (750-980) | Iligh-speed 
25 (1 500) lligh-speed 


12-24.5 (735-1470) | High-speed 


ES 
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Fig. 3.8. Ball mill (general view and cross section) 


I—inlel pipe; 2—supporling bearing; 3—heat- and sound-insulated mill drum; 4—oullet pipe; 5--lurger 
gear wheel; 6—reducer gear; 7—celectric motor 


pipe. The drum is rotated by an ele- 
ctric motor via a reducer gear and a 
driven goar whoel attached to the 
drum. 

The optimal capacity of a mill is 
obtained at a rotational speed 


na = 0.76Ne, (3.9) 


where ner is the critical rotational 
speed of the drum. s~!, at which balls 
can ‘slick’ to drum walls due to cen- 
trifugal forces: 

0.705 
Vda 
where Da is the drum diameter, m. 

With the optimal rotational speed 
of the drum, the balls first rise over 
the drum wall and then detach from 
it and fall. Fuel is ground by the im- 
pact of the falling balls and by the ab- 
rasion between them. Final dust is 
continuously removed from the mill 
by the ventilating agent —air. 

The grinding capacity of a mill, 
By, depends substantially on the 
drum length and diameter. Yet a 
larger diameter D4 appreciably increas- 
es the required power of mill motor 
Nm which is roughly proportional to 
the third power of Du. 

Grinding mills are also characteri- 
zed by the drying capacity, i.e. the 
quantity of fuel that can be dried in 


(3.10) 


Ner `~ 


the mill from the original moisture 
content W” to the desired value 
Wi. The two characteristics of a mill 
should be matched properly, which is 
dene by controlling the flow rato and 
temperature of the drying agent at 
the mill inlet. 

The power for mill rotation Nm 
is virtually independent of the mass 
of charged fuel in view of the large 
mass of balls and drum. For this rea- 
son, as the quantity of charged fuel 
decreases, the unil energy consumption 
for grinding, Eg, kW hikg. increases, 
since 


Eg SN mBua (3.11) 


Thus, it is advisable to run ball 
mills at full load. 

The armour plates and balls of a 
mill are inevitably subject to wear 
during mill operation. The extent of 
wear depends on the abrasive proper- 
ties of fuel which can be charactorized 
by the relative abrasivity kasr, which 
is the ratio of the actual wear to that 
taken as the reference value [0.3 
g/(kW h). 

As has been found by experiments, 
the two relative characteristics, fA, 
and kabr, are closely interrelated 
(Fig. 3.9). Harder fuels cause greater 
abrasion wear of the mill elements 
[29]. 
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Fig. 3.9. Dependence of kupr on k 
t —Tonelsk anthracite roal; 2— Donetsk gas coal, 
g—Chelyabinsk coal grade B; ¢—Vorkuta conl 
grade GZh; 5- Karaganda coal grade GZ; 6— 
Mostow district coul grade Mh 7 - Estonian oll 
shales 


The wear of the balls is compensated 
for by adding new balls periodically 
into the operating mill. Ball-tube 
mills are suitable for grinding all 
kinds of coal. Metallic objects ocea- 
sionally present in coal are nol dange- 
rous to them. On the other hand. ball 
mills, as a rule, make coal dust. with 
the polydispersity coefficient r less 
than unity. For this reason and also 
because of their large dimensions, they 
have a Lypically high unit consumption 
of energy (15-25 kW h/t for coals 
and up to 35 kW h/t [or anthracites). 
The application of ball mills in pul- 
verization systems with an interme- 
diate bunker is profitable only when 
grinding high-abrasive low-reactive fu- 
els with R ø< 10% and k< 1.1. 

A kammer mill has a steel casing 
clad on the inside with smooth armour 
plates 20-30 mm thick and a rotor 
with discs to which hammer holders 
and hammers are hingedly attached. 
In operation, the circumferential speed 
of the hammers attains 50-60 m/s. 
Rotating hammers break fuel lumps 
into smaller pieces which then strike 
the armour and are additionally di- 
sinteyrated by abrasion in the gap bet- 
ween the hammers and casing. The 
hammer mill is usually installed to- 
gether wilh a dust separator (Fig. 


3.10). 


The basic parameter that determi- 
nes the effectiveness of grinding is 
the circumferential speed of the ham- 
mers. The produclivily of a mill is 
proportional to the cube of circumfe- 
rential speed. The productivity of 
mills can be increased by increasing the 
rotational speed or the rotor diameter, 
but this increases the dynamic load 
on the rotor, resulting in a heavier 
mass of the mill and higher energy 
consumption. As the coal charge of a 
mill increases, the energy consumed 
increases first relatively slowly and 
then rather quickly. The unit energy 
consumption for grinding [see formu- 
la (3.11)] decreases smoothly to a mi- 
nimum at a certain charge of the mill, 
making il possible to vary the mill 
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Fig. 3.10. Hammer mill with centrifugal 
dust separator 


f—hammer mili; 2—dust separator; 3—raw fuel 
Inlet; ¢—chute for ola of coarse dust; 5—safely 
valve 
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Fig. 3.11. Dust separators 


(a) centrifugal dust separator for coals and anthra 


cites. #—plpe for admitting dust-air mixture: 
2—extemal housing; J—-internal housing: ¢-- 
swirl vanes, 5— dust-discharging pipe; 6—chute 


for the retum of coarse dust from extemal) hous- 

ing; 7—ditlo, from intemal housing; (b) inertial 

separator for brown coal and coals, J—hammer 

mill; 2—separalor housing; 3— bag for collecting 

coarse fuel particles; 4—dust-discharging pipe; 

5—controlling gate valves; 6—chute for delivery 
of fuel and drying agent into mill 


charge in a rather wide range without 
noticeably worsening the mill effi- 
ciency. For that reason and in con- 
trast to ball mills, hammer mills can 
participate in controlling the boiler 
load. 

Hammer mills may be recommended 
for grinding fuels with k> 1.1 which 
can be burned as a rather coarse dust 
(brown coals, coals with the yield of 
volatiles V,>-28%, peat and oil 
shales). With such fuels, Lhe unil ener- 
gy consumption of hammer mills is 
33-50% lower than that of ball mills 
(8-12 kW h/t). 

Roller mills are usually employed 
in systems with direct dust blowing 
for grinding moderately hard coals 
with relatively low humidity and a 
low content of hard fractions (pyrite) 
in the mineral portion, such as Ekiba- 
stuz coals. Series manufacture of rol- 
ler mills has recently been started in 
the USSR. 

A common disadvantage of all rol- 
ler mills is that they are sensitive to 
metallic objects—should these get oc- 
casionally into the mill with coal. 
Other drawbacks include uneven wear 
of the working members and certain 
repair complexities. On the other 


hand, roller mills are advantageous 
in having a low unit energy consum- 
ption (12-15 kW h/t), small dimensi- 
ons, and a low noise level. 

Soft brown coals (k; > 1.5) of 
high humidity are pulverized in pul- 
verizing fans. The rolor of a fan car- 
ries a pulverizing wheel with hammer 
blades arranged at ils periphery. The 
grinding effect is produced by the im- 
pact from rapidly rotating hammer 
blades on fuel Jumps. The blades crea- 
te a head (1 200-1 500 Pa) behind the 
fan, which obviates the need for a 
mill exhaustor. Pulverizing fans are 
noted for their simple design, small 
dimensions and low cost. Their produ- 
ctivity is, however, not high, ran- 
ging from 3.5 to 45 t/h for brown coal 
(al R og == 55% and k; = 1.7). 

The auxiliary equipment of pul- 
verization systems includes dust se- 
parators, cyclones, raw coal feeders, 
dust feeders, and bunkers. 

A dust separator is used for control- 
ling the fineness of fuel dust produced 
in a mill. The separation of dust into. 
coarse and [ine fractions in dust sepa- 
rators is effected by using centrifugal, 
inerlial and gravitational forces. The 
effectiveness of operation of a sepa- 
rator determines to a large extent the 
quality of the dust supplied into boiler 
furnace burners. The type of separator 
is usually selected according to the 
characteristics of the respective mill. 
Centrifugal and inertial dust separators 
are the most popular (Fig. 3.14). 

A centrifugal separator (Fig. 
3.41a) has two cones inserted one in- 
to tho other. Tho dust-air flow is sup- 
plicd into the separator bottom al a 
flow rate of 15-20 m/s. Owing to ex- 
pansion, the flow rate in tho annular 
space between the cones drops down 
to 5-6 m/s, producing the effect of 
gravitational separation. The coarsest 
Particles slide down along the walls 
of the cone and return to the mill. 
Tilting vanes arranged at the inlet to 
the inner cone cause the flow to swirl, 
Producing the centrifugal effect. The 
necessary fineness of dust is obtained 
by varying the angle of the vanes, 
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Fig. 3.12. Cyclone dust separator 
1- housing; 2—control pipe with vanes; 3—inter- 
nal cylinder, 4—explosion relief valve; S—erit 
of transfer agent (air); 6—inlet pipe 


In an inertial separator (Fig. 3.110), 
dust separation into fractions is 
broughtabout by changing the direction 
of dust-air flow, i.o. by utilizing the 
forces of inertia. The magnitude of 
AR œ can be controlled within 10- 
15% by varying the position of a gate 
valve. Inertial-Lype separators are em- 
ployed in combination with hammer 
mills for coarse pulverization of brown 
coals, oil shales and milled peat 
(with Ry, > 40%). 

Cyclones are employed in systems 
with intermediate bunkers for separa- 
tion of pulverized fuel from transpor- 
ting air (Fig. 3.12). The separation 
takes place as a result of the contri- 
fugal effect and the deflection of the 
flow into the central outlet pipe. The 
efficiency of cyclones is 80-93% and 
increases inversely wilh the diame- 
ter. 

Raw coal feeders are used for unifor- 
mly controlling the supply of coal to 
the grinding mills. The productivity 
of a feeder is selected with a roserve 
of 20% abeve tho rated mill producti- 
vity. Al powor stations, belt feeders 
(for dry coals) and chain feeders (for 


moist coals prone to smoaring) are 
most often employed. 

Dust feeders are arranged under dust 
bunkers and are used to control the 
dust supply into tho pipelines. 
Screw-type and paddle dust feoders 
are the most common at power sta- 
tions. The throughput capacity of a 
fecder is controlled by changing the 
rotational speed of d.c. electric drive 
motors. 

Dust bunkers are reservoirs for the 
storage of a certain reserve of pulveri- 
zed fuel. The volume of a bunker is 
determined so as to ensure tho opera- 
tion of the boiler at the rated load for 
2-3 hours upon stoppage of the pulve- 
Tizalion system. To evenly discharge 
dust into the dust feeders, the height 
of the dust bed in a bunker should be 
no less than 3 m. 


3.5. The Preparation of Fuel Oil 
and Natural Gas 


To facilitate transport, filling and 
discharge from reservoirs, fuel oil 
should have a temperature of at least 
60-70°C, al which its viscosity will 
be not more than 30° E. 

The flow path of fuel oil preparati- 
on at a power station (Fig. 3.13) 
comprises a receiving-discharging fa- 
cilily (pouring trestles with chutes 
and receiving vessols wilh submerged 
pumps), main reservoirs for sloring a 
permanent reserve of fuel oil, fuel oil 
pumping house, fuel oil and steam pi- 
pelines, fuel oi] heaters, and filters. 
The preparation of fuel oil for com- 
bustion consists in separating mecha- 
nical impurities and increasing the 
pressuro and temperature of fuel oil. 
This is essential for minimizing the 
energy consumption of transporting 
fuel oil to steam boilers and for its 
fine atomization in burners. Tho tom- 
perature of fuol oil when in tanks is 
maintained at a level of 60-80°C in 
all seasons by circulation preheating, 
i.e. by recirculating back into the sto- 
rage tank a parl (up to 50%) of tho 
fuol oil that has boon preheated in ex- 
ternal heaters. 
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Fig. 3.13. Flow diagram of fuel oil preparation at a power.station — 
J— fur) oil tank car; 2—draining device; 3—coarse filler; 4- heated discharge tank; 3— pump; 6- main 
tank, 7, &—fuel oil recirculation lines; 9—first-lift pump; #0—back-pressuse valve, 2?— fuel oil heater; 
12—fine filter; !3—second-lift pump; 74--closing gate valve, 15— ilow rate controller, 16—flow meter: 


17—gate valve; s8— burner 


«4 two-stage scheme of fuel oil sup- 
ply is typical for thermal power sta- 
tions. In this scheme, preheating the 
fuel oil, agitating it in tanks, and fil- 
tering are performed at a low fuel oil 
pressure (around 1 MPa), while se- 
cond-lift pumps supply fuel oil to the 
main building at a high pressure 
(3.5-4.5 MPa). 

The fuel oil is ejected from the ato- 
mizing burners at a high rate, which 
may result in the quick abrasive wear 
and failure of the burner channels. 
Also, small channels (less than 3 mm 
in diameter) may become clogged with 
large solid particles or blobs of tar or 
asphalt. Purification of fuel oil from 
solid impurities is performed first 
in coarse filters with a mesh size of 
1.5 mm X 1.5 mm and then in fine 
filters with 0.3-0.5 mm meshes, both 
of which are mounted upstream of the 
pumps of hot fuel oil in the second- 
stage fuel oil line. 

The fuel oil is preheated in steam 
healers lo a temperature no greater 
than the ignition point of fuel oil va- 
pours. The fuel oil temperature is main- 
tained at the specified level, irres- 
pective of the fuel oil consumption by 
the boiler, by continuously recircula- 
ting the fuel oil through the storage 
tank. 


Gaseous fuel is supplied lo a power 
station from a gas main or gas-distri- 
bution station at a pressure of 0.7- 
1.3 MPa. Power stations are not pro- 
vided with gas holders. The supplied 
gas is throttled in a gas-metering house 
until it reaches the pressure it should 
have in the burners (0.13-0.2 MPa). 
Since gas throttling produces much 
noise and involves a high explosion 
hazard, the gas-metering house is lo- 
cated in a separate building at the sta- 
tion site (Fig. 3.14). 

Each gas-metering house has seve- 
ral (most. often three) gas pipelines 
wilh pressure regulators, one of which 
is a stand-by line. A bypass line aro- 
und the pressure regulators is also 
provided. The gas is purified from me- 
chanical impurities by filters arran- 
ged upstream of the control valves. 
The control valves maintain the spe- 
cified pressure ‘downstream’. Safety 
valves are provided to protect tho sy- 
stem against occasional pressure 
jumps. The quantity of gas passing 
through the gas-melering housois mea- 
sured by flow meters. ach gas pipe- 
line leading to a boiler has an auloma- 
tic flow governor and quick-closing 
cut-off valve. The automatic flow go- 
vernor adjusts the gas flow rale to the 
current load of the boiler. The pulse- 


4.1. Kinetics of Combustion Reactions 47 


Fig. 3.14. Gas-supply scheme of po- 
wer station 


t—hand-controlled gate valve; 2—e¢lectric 
motor-driven gate valve; 3—gas pressure 
regulator, ¢—safely valve: 5—as llow rate 
regulator; 6-—-quick-action cut-off valve; 7- 
manometer; &4—flow meter; 9—pressure re- 
gulator sensors; Jo—Siller; 11—gas vent, 
J2—gas supply to burner igniter; 33-- 
drain; Ié—gas sampling for anniysis 


operaling cul-off valve stops the gas 
supply to the boiler furnace in emer- 
gency situalions when the supplied 
gas might cause explosions (flame 
breakoff, loss of air pressure at the bur- 
ners, shutdown of the motors of ex- 
haust or forced-draft fans, etc.). 

To avoid explosion hazard during 
standstills, the gas pipelines are blown 
through with air through special gas 
venls. These vents are mounted out- 
side of the building in places that are 
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inaccessible to people. Gas vents also 
serve to displace the gas-air mixture 
from gas pipelines before [iring a boi- 
ler. The blow-through of a gas line is 
stopped when the concentration of 
oxygen in a sample is not more than 
1%. 

All gas-supply facilities of a power 
station should not be operated witho- 
ut observing the necessary safety pre- 
cautions. 


A 


THEORETICAL PRINCIPLES OF COMBUSTION 


4.1. The Kinetics 
of Combustion Reactions 


The combustion of fuel in a furnace 
involves a number of complex phy- 
sical and chemical processes. Among 


the physical phenomena which pre- 
cede or accompany the ignition and 
subsequent burning of the fuel, spe- 
cial emphasis should be laid on the 
process of mixing the fuel and the oxi- 
dant (aerodynamic factor). Among the 
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chemical factors, the temperature and 
concentration of the reacting substan- 
ces are the most essential. One also 
has to deal with the complex fields of 
velocities, concentrations and tempe- 
ratures, which together determine the 
kinetics of chemical reactions. 

The reactions involved in fuel com- 
bustion proceed with heat evolution, 
i.e. they are ezothermic. These include 
the burning of carbon, hydrogen and 
sulphur in atmospheric air. At high 
temperatures, such as in the core of a 
flame, some reactions may occur with 
heat absorption. These are called 
endothermic reactions. The formation 
of nitrogen oxides Na +0, = 2NO — 
— 180 kJ/mol and tho reduction of 
carbon dioxide to monoxide on the 
incandescent surface of coke parti- 
cles under conditions of oxygen defi- 
ciency C -h CO, = 2CO — 7.25 MJ/kg 
are both examplos of endothermic 
reactions. Chemical reactions which 
can proceed in either a forward or 
reverse direction are called reversible, 
though the conditions that foster the 
reaclion in the forward or reverse dire- 
ction may differ substantially from 
one another. For instance, the forma- 
tion of nitrogen oxides can take place 
only at very high temperatures, while 
the reverse reaction, i.e. their dis- 
sociation into gaseous oxygen and 
nilrogen, can occur in the earth's 
almosphere under the effect of solar 
radiation. During fuel combustion in 
furnaces, the rate of a direct process 
is immeasurably higher than that of 
ils reverse counterpart, meaning that 
the equilibrium of these reactions is 
shifted towards the formation of the 
final products of the direct reactions, 
and therofore, these processes can be 
regarded as irreversible. 

Tho intensity of combustion is cha- 
raclerized by the rate of the reaction 
involved. The rato of a homogeneous 
reaction is understood as the mass of 
a substance that reacts in unit volume 
per unit time. The reaction rale is 
measured in such a case in terms of 
the variation of the concentration of 
one of the reacting substances, 


AC a, mol/m or g/m’, in a given Lime 
interval At, s: 


w, = — AC,/At (4.1) 


The rate of a heterogeneous reacti- 
on is expressed as the quantity of sub- 
stance, Ag, g, that has reacted on the 
surface of solid combustible substance 
S, m?, during a lime interval Ar, s: 

K — Ag 


Reaction rates obey tho law of mass 
action, according to which the rate of 
a reaction in a homogeneous medium 
at a constant temperature is propor- 
tional at any given moment to tho 
product of the concontrations of the 
reagents: 

w, =kCK Ch (4.3) 


where & is the reaction rate constant 
which depends on the temperature and 
chemical nature of the reagents, Ca 
and C p are the current concentrations 
of the reagents A and B in tho gas 
mixture, and m and z are the number 
of moles of A and B, respectively. 

Since the partial pressures of the 
components in a gas mixture at a con- 
stant temperature are proportional to 
their concentrations, formula (4.3) can 
be written in another form: 


w, = kpåph (4.4) 

In heterogeneous combustion, the 
concentration of the combustible sub- 
stance (solid fuel) is constant, and the- 
refore, the rate of this reaction depends 
only on the concentration of the oxi- 


dant (oxygen) on tho surface of solid 
fuel: 


W, -- klor 


(4.5) 


where C6, is the concentration of oxy- 
gen on the fuel surfaco. 

If tho concentrations of tho rea- 
gents do not vary in Lime, the reacti- 
on rate is determined by the reaction 
rate constant k which depends on the 
temperalure and nature of the substan- 
ces that enter the reaction. This rela- 
tionship is expressed by Arrhenius’ 
law: 


k = kge- EMT 


(4.6) 
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Fig. 4.1. Dependence of reaction 
rate on (a) temperature, (b) acti- { “Fr 
vation energy, and (c) concentra- 
tion of combustible matter 
CL—lower limit; UL—upper limit 


(a) 


where ko is the pre-exponential factor, 
E is the activation energy, R is the gas 
constant, and T is the absolute tem- 
perature of the process. 

Thus, the rate of a reaction quickly 
increases with temperature (Fig. 
4.1a). A chemical reaction is possible 
due to the collisions of the molecules 
of reacting substances. [f all collisi- 
ons resulted in a reaction, combusti- 
on would occur at an enormous rate 
and the reaction rate constant would 
bo equal to ko. Actually, a reaction 
can Lake place only when the energy 
of collisions can break the old mole- 
cular bonds and the fragments of old 
molecules can rearrange themselves 
inlo molecules of new substances. 

The energy thal is sufficient to de- 
stroy the molecular bonds of the star- 
ting substances is called the activation 
energy E. With a higher activation 
energy, the molecular bonds of the 
original molecules are destroyed less 
easily, and consequently, the reacti- 
on rate is lower (Fig. 4.18). For in- 
stance, the activation energy of the 
reaction C + 0, = CO, is Eco, = 
= 140 kJ/mol and that of the reac- 
tion C + 0, = CO, Eco = 
= 60 kJ/mol. It then follows that the 
rate of formation of carbon monoxide 
in the reactions of carbon oxidation by 
oxygen is substantially highor than 
that of the formation of carbon dioxi- 
de CO,, and therefore, carbon monoxi- 
de CO will be formed predominantly 
at the surface of burning carbon 
{29, 48]. 

Combustion in furnaces requires the 
continuous supply of fuol and oxi- 
dant (air) to the combustion zone, and 
therefore, the concentrations of the re- 
agents are practically invariable in 
time. Under such conditions, the hig- 
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hest reaction rate can be attained at a 
nearly stoichiometric ratio of the 
concentrations of reagents. An excess 
of fuel (rich mixture) or a fuel defi- 
ciency (lean mixture) will cause the 
rate of the reaction to decrease due to 
lower heat evolution per unit volu- 
me. 

Combustion cannot take place at 
any arbitrary concentration of fuel 
in the mixture, but only in a definite 
range of its concentrations in the air 
(oxidant). There exists a lower concen- 
tration limit below which combustion 
is impossible, and an upper concentra- 
tion limit when any further increase 
of the concentration of the fuel pre- 
vents combustion (Fig. 4.1c). Thus, 
combustion is possible only in the 
concentration range between these two 
limits. 

If a gas-air mixture is prepared for 
combustion and completely fills in a 
particular volume, an ignition source 
will induce the oxidation reaction 
which will propagate with a high rate 
all over the volume, resulting in a 
sharp increase in temperature and pres- 
sure. This type of process is called 
explovise combustion, or simply ex- 
plosion. In such cases, we speak abo- 
ut tho upper and lower explosive li- 
mits of a mixture, meaning that a gas- 
air mixture is capable of exploding 
in the whole range of concentrations 
between these limits. The temperature 
abovo which a self-sustained rea- 
ction is possible in a mixture (system) 
is called the ignition temperature. 

The relationship between heat evo- 
lution and heat removal at various 
temperatures of a combustible mix- 
ture can be represented graphically 
(Fig. 4.2). Heat evolution at the ini- 
tial stage of a chemical reaction can 
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Fig. 4.2. Graphical determination of igni- 

tion temperature (Tig), combustion tempe- 

rature (Te) and extinction temperature (Tex) 

at a given temperature of heat-transfer sur- 
face (T,) 


be found from the equation: 
Q, = koe- EIRTCEY mg (4.7) 


The quantity of heat removed from 
the reaction zone is determined by 
the equation: 


Q,=aS(T—T,) 8) 


In theso formulae, C, is the con- 
centration of the combustible sub- 
stance, V,, is the volume of the prepa- 
red gas-air mixture, q is the thermal 
effect of the reaction per unit mass of 
fuel, a is the heat-transfer coefficient, 
S is the surface area of the cooling 
walls, and 7 and 7, are the tempera- 
ture of the mixture and the cooling 
walls, respectively. 

Heat evolution at the initial stage 
of reaction can be described by an ex- 
ponential curve with Q, rising sub- 
stantially. In the region of high tem- 
peratures, the growth of Q, is limited 
by the possibilities of oxidant supply, 
i.e. by the conditions of mixing. Assu- 
ming œ = constant, heat removal can 
be represented by a straight line incli- 
ned at an angle determined by æ. 

lf the fuel-air mixture in a chamber 
and the surrounding walls are prehea- 
ted to a temperature T ,,, owing to heat 
evolution in the reaction, the mix- 
ture will be heated to a temperature 
T, >T- In point 1, Q, =Q, and 
further preheating of the mixture is 


impossible. The state in point J can 
be characterized by an insignificant 
heat evolution and low temperature. 
This is the zone of slow oxidation 
which may continue for a long time. 

Let the temperature of the cooling 
walls be raised up to T, Again 
Q, > Q initially, and the temperatu- 
re of the mixture rises. Finally, in 
point 2, Q, = Qo, but in contrast to 
point Z, the state in this point is un- 
stable. A slight rise of temperature is 
sufficient to make Q, greater than 
Qs again and heat evolution will in- 
crease more quickly than heat remo- 
val. The temperature in point 2 is 
exactly what is called the ignition tem- 
perature Tign- The process now deve- 
lops}rapidly to a state of stable high- 
temperature oxidalion, or combustion 
(point 3). This process will he stable 
as long as the fuel and oxidant are 
supplied properly. If heat removal 
is done more forcibly (along a slee- 
per line Q,), the combustion tempera- 
ture will decrease to point 4 where the 
high-temperature process will be in- 
terrupted since Q, becomes grealer 
than Q, in the whole temperature 
range up to point 5. The temperature 
of a combustible mixture in point ¢ 
is called the extinction temperature. 
Combustion extinction always takes 
place at a higher temperature than 
ignition does, since the concentra- 
tion of the starting substances in the 
zone of active combustion is lower 
than their initial concentration at ig- 
nition. 


4.2. The Mechanisms 
of Fuel Combustion 


As has been found by experiment, 
the rates of combustion reactions sub- 
stantially exceed the rates calculated 
using the law of mass action and Ar- 
rhenius’ law by considering the number 
of active molecules of the initial 
substances entering a reaction. Actu- 
ally, reactions do not occur immedia- 
tely between the original molecules, 
but pass through a number of inter- 
mediate stages in which active mole- 
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cular fragments (radicals and atoms of 
H, OH, O, etc.) participate along with 
molecules. As a result, cach of these 
intermediate reactions has a low level 
of the activation energy £, since radi- 
cals and individual atoms possess a 
frec valency, and can therefore form 
free-valency particles. Such reactions 
can proceed at a high rate. The start 
of a reaction between substances is 
preceded by a period during which ac- 
tive reaction centres in the form of 
charged particles accumulate in the 
medium, owing to the partial destru- 
ction of original molecules by other 
molecules which possess an energy 
higher than the energy of the atomic 
bonds in the original molecules. This 
is what is called the induction period. 

The combustion of gaseous fuels. Com- 
bustion of gaseous fuels occurs by the 
laws of branched chain reactions which 
were discovered by Soviel Academi- 
cian N. N. Semenov and C. N. Hin- 
shelwood. The conversion of the ori- 
ginal substances to the final products 
passes through a sequence of reaction 
links which are connected in succes- 
sion wilh one another and develop in 
the volume of a combustible mixture 
like the branches of a tree develop 
from its trunk. This results in the for- 
mation of the final reaction products 
and of an even greater number of active 
centres which further ensure the de- 
velopment of the reaction in the con- 
fining volume. 

Let us consider the mechanism of 
branched chain reactions, taking as 
an example the combustion of hydro- 
gen in air. By the stoichiometric equa- 
tion 

2H. + Oz =: 21120 


the rate of the reaclion between mole- 
cules of the combustible substance 


wiso = ge EET Co, (4.9) 


cannot be very large. Actually, howe- 
ver, combustion of hydrogen al tem- 
peratures above 500°C is an explosive 
chain reaction proceeding at a very 
high rate. Indeed, according to 
N. N. Semenov, the beginning of the 
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Fig. 4.3. Chain reaction cycle of hydrogen 
burning 
© — chain reaction exciter, [i — tinal product 


active reaction is preceded by the for- 
mation of active cenlres: 


Ha + Mo ~» 2H 4M 
H: +03 — 20H 


where M° and O§ are active molecu- 
les which possess high energy levels 
in the volume. 

Atoms and radicals formed by this 
mechanism actively enter the reacti- 
ons with the surrounding molecules, 
i.e. chains of successive reactions de- 
velop which result in the formation of 
the final reaction products and ever 
greater number of active centres. 

Figure 4.3 schematically shows the 
first cycle of this reaction. As may 
be seen, each of the active hydrogen 
aloms H that has given rise to a chain 
reaction has produced three new active 
centres, owing to which the rea- 
ction progressively develops in the 
volume confining the gas mixture. As 
the reaclion products accumulate and 
the concentrations of the starting sub- 
stances become lower, chains are dis- 
rupted more often in the volume and 
at the walls of the reactor: 


H+H—H, 
OH +H + H,0 
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Tho actual reaction rate is described 
by the oquation: 


wy =10 VY TCyCoe-EZ UAT (4.10) 


The decisive factors for the reacti- 
on rate are the concentrations of hy- 
drogen aloms (reaction centres) and 
oxygen molecules, with the activati- 
on energy E’ of the reaction between 
them being substantially lower than 
E in equation (4.9). Similar laws of 
chain reaclions govern the combustion 
of carbon monoxide CO, methane CH, 
and other combustible gases. 

It follows from the foregoing that a 
shorl time, the induction period, pre- 
cedes the beginning of an active rea- 
ction, during which a sufficiently large 
quantity of active centres (atoms and 
radicals) accumulates in tho reaction 
volume. During this period, tho rea- 
ction is almost unnoticeable and its 
thermal effect is nogligible. After this 
period, the reaction rate increases due 
to the development of a large number 
of parallel reaction chains over the 
whole volume, until an equilibrium 
between the appoarance and disappea- 
rance of active contros is established 
{36]. The reaction then attains its 
maximum rate and will proceed at 
this rate, provided that fresh porti- 
ons of starting substances are regular- 
ly supplied to the combustion zone. 

Combustion of a gaseous fuel in a 
mixture wilh air occurs at a very high 
rale (a ready methane-air mixture 
burns in a volume of 10 m in 0.1 s). 
For this reason, the intensity of com- 
bustion of natural gas in steam boiler 
furnaces is limited by the spoed at 
which it mixes with air in the burner, 
i.e. by physical factors. The difficul- 
ties which arise whon high flows of 
gas and air should be mixed thorough- 
ly in a very short timo in a burner are 
linked with tho fact that the volume 
flow rates of tho gas and air differ sub- 
stantially, as approximatoly 10 m? of 
air are needed for the combustion of 
4 m? of gas. For thorough intermixing, 
gas must be introduced into the air 
flow in the form of numerous fine jets 
and at a high rate. For the same pur- 





Fig. 4.4. Mechanism and combustion cha- 
racteristics of a liquid fuel droplet 


pose, the air flow is thoroughly tur- 
bulized by special swirling arrange- 
ments. 

The combustion of liquid fuels. In 
the combustion of liquid fuels (petro- 
leum, fuel oil), both the ignition and 
combustion temperatures (especially 
the latter) turn out to be higher than 
the boiling temperature of the indi- 
vidual fuel fractions. For this reason, 
liquid fuel first evaporates from the 
surface under the effect of tho suppli- 
ed heat, then its vapours are mixed 
with air, preheated to the ignition tom- 
perature and start burning. A sta- 
ble flame forms at a certain distance 
from the surface of liquid fuel (0.5- 
1 mm or more). 

Figure 4.4 schematically shows the 
combustion of a liquid fuel droplet 
in stagnant air. A vapour cloud forms 
around the droplet and diffuses into 
the environment, with the diffusion 
of oxygen of the air occurring in the 
opposite direction. As a result, Lho 
stoichiometric relationship between 
the combustible gases and oxygen is 
establishod at a certain distanco r,, 
from the droplet, i.e. the burning 
fuol vapours form a spherical combu- 
stion front around it. Tho magnitude 
of r, is equal to 4-10 droplet radii, 
i.e. ra = 4-10rg, and depends hoa- 
vily on the droplet size and the tom- 
perature in the combustion zono. In 


42. Mechanisms of Fuel Combustion 53 


the zone where r < T.i, fuel vapours 
prevail, but their concentration de- 
creases inverscly with the distance 
from the liquid surface. The zone 
with r œr, contains primarily com- 
buslion products mixed with the oxy- 
gen that has diffused into the combu- 
stion zone. The highest temperature 
is established in the reaction zone. Al- 
though at both sides of this zone the 
temperature decreases gradually, ils 
decrease is more intensive in the inside 
direction, i.e. on approaching the 
droplet, since some heat. is spent. there 
for heating fuel vapours. 

Thus, the burning rate of a liquid 
fuel droplet is determined by tho rate 
of evaporation from its surface, the 
rate of chemical reaction in the com- 
bustion zone, and the rate of oxygen 
diffusion to this zone. As stated ear- 
lier, the reaction rate in a gaseous me- 
dium is very high and cannot limit 
the total rate of combustion. The qu- 
antily of oxygen diffused through the 
spherical surface is proportional to 
the square of sphere diameter, and 
therefore, a slight removal of the 
combustion zone from the surface of 
the droplet (under oxygen deficien- 
cy) noticeably increases the mass flow 
rate of supplied oxygen. Thus, the rate 
of combustion of the droplet is 
mainly determined by evaporation 
from its surface. The combustion rate 
of liquid fuels is increased by atomi- 
zing the fuel just before burning, 
which substantially increases the to- 
tal surface of evaporation. Besides 
all this, as the size of the droplets 
decreases, the intensity of evapora- 
tion per unit area of their surface in- 
creases. Fine liquid fuel droplets su- 
spended in an air flow move at low 
Reynolds numbers, Re <1. In such 
cases, the heat flow through a sphe- 
rical surface is determined solely by 
the conductivity 4 through the boun- 
dary layer, which is much thicker 
than the droplet diameter. Under 
such conditions, the heat-transfer co- 
efficient œ is given by Sokolsky’s 
formula: 


Nu = adh. = 2 (4.11) 


whence 
a = 2A/d = Alr (4.12) 


where Nu is the Nusselt number. 

As follows from formula (4.12), the 
heat exchange between a droplet and 
the surrounding medium increases as 
the size of the droplet decreases, i.e. 
with a decrease in its mass. It turns 
out that the evaporalion time of a 
droplet is proportional to the squaro 
of its initial diameter. 

The combustion of solid fuel. When 
combined with air in a furnace, pul- 
verized coal first passes through the 
stage of thermal preparation (Fig. 
4.5/), which consists in the evapora- 
tion of residual moisture and separa- 
tion of volatiles. Fuel particles are 
heated upto a temperature at which 
volatiles are evolved intensively 
(400-600°C) in a few tenths of a se- 
cond. The volatiles are then ignited, 
so that the temperature around a coke 
particle increases rapidly and its 
heating is accelerated (/JJ’). The in- 
tensive burning of the volatiles (ZD) 
takes up 0.2-0.5s. A high yield of vola- 
tiles (brown coal, younger coals, oil 
shales, peat), produces enough heat 
through combustion to ignile coke 
particles. When the yield of volatiles 
is low, the coke particles must be hea- 
ted additionally from an external 
source (JJ J"). The final stage is the com- 
bustion of coke particles at a tempera- 





Fig. 4.5. Temperature condilions of burn- 
ing of on individual solid fuel particle 


4-- temperature of gaseous medium around the 
Particle; 2—particle temperature; I—Uhermal pre- 
poration zone, II—zone of buming of volatiles; 
itl’—heating of coke particle due to burning of 
Its volatiles; I/° —heating of coke particle from 
an external source; 1¥V—buming of coke particle 
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Area of carbon 





Fig. 4.6. Variations of concentration of ga- 
seous suhstauces at the surface of burning 
carbon 


(a) burning ut moderate temperatures, (L) burning 
at high temperatures; 6, —thickness of boundary 
film 


ture above 800-1 000°C (JV). This is 
a heterogeneous process whose rate is 
determined by the oxygen supply to 
the reacting surface. The burning of a 
coke particle proper takes up Lhe gre- 
ater portion ('/, to ?/,) of the total 
time of combustion which may con- 
stitute 1 to 2.5 s, depending on the 
kind of fuel and the initial size of par- 
ticles. 

The reacting mechanism between 
carbon and oxygen seems to be as fol- 
lows. Oxygen is adsorbed from the gas 
volume on tho surface of particles and 
reacts chemically with carbon to form 
complex carbon-oxygen compounds of 
the type C,O, which then dissociate 
with the formation of CO, and CO. 
The resulting reaction at temperatu- 
res near 4 200°C can be written as fol- 
lows: 


4C + 303 = 2C0 4- 2C0: (4-13) 


As has beon established by expe- 
riment (L. Meyer, L. N. Khitrin), 
the ratio of the primary products, 
CO;CO,, increases sharply with the 
increasing Lemporature of burning par- 
ticles. For instance, tho resulting equ- 
ation al temperatures near 1 700°C 
can be written in the form: 

3C+ 20, =2C0 + CO, (4.14) 
where the CO/CO, ratio is equal to two. 

The primary reaction products are 
continuously removed from the surface 
of particles to the environment. 
In this process, carbon monoxide en- 
counters the diffusing oxygen, which 
moves in the opposite direction, and 


reacts with it within tho boundary gas 
film to be oxidized to CO,, with the 
result that tho concentration of sup- 
plied oxygen decreases sharply on ap- 
proaching the surface of particles, 
while the concentration of CQ, in- 
creases (Fig. 4.62). At a high combu- 
stion temperature, carbon monoxide 
can consume all the oxygen supplied, 
which, consequently, will not reach 
the solid surfaco of particles (Fig. 
4.6b). Under such conditions, the en- 
dothermic reduction reaction will oc- 
cur on the surface of particles, i.e. 
CO, will be partially reduced to CO. 

Thus, heterogeneous combustion of 
a carbon particle from its surface can 
be represented as a process embracing 
four subsequent reactions (according 
to A. S. Predvoditelev), two of which 
are the main ones: 


C+0;=CO2+% 
2C + O: =2C0 + 2q2 
the other two being sccondary 
2CO + 0: = 2CO, \- 293 
C+CO,=2CO—4q 


where q is tho thermal effect of a rea- 
ction, MJ/mol. 

The thermal effect of the first rea- 
ction q; = qa +g» while q= 
= 0.57q,. Tho latter equation implies 
that even when the endothermic rea- 
ction takes place, the temperature of 
combustion is maintained at a rather 
high level due to a higher heat evolu- 
tion in the volume. 

As follows from an analysis of the- 
se reactions, the combustion of car- 
bon from the surface takes place with 
partial gasification (formation of CO 
and its afterburning in the volume). 
This process accelerates the burning-off 
of coke particles. 


4.3. Kinetic and Diffusion Regions 
of Combustion 


As follows from an analysis of the 
mechanisms of solid and liquid fuel 
combustion, the total rate of combu- 
stion is determined not only by the 
rate of chemical reactions propor, but 
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Fig. 4.7. Diagram of burning of carbon 
particle 


t—particle surface; 2—boundary film; s—turbu- 
tent flow region 


also by the intensity of oxygenf[sup- 
ply to the reaction zone by turbulent 
and molecular diffusion. This complex 
process can be analysed by using tho 
following model of combustion (Fig. 
4.7). 

A burning particle is assumed to be 
surrounded by a boundary film within 
the boundaries of which afterburning 
of carbon monoxide takes place; mass 
transfer is assumed to be due to mole- 
cular diffusion only. Concentrations 
of substances and temperature vary 
within the film. Beyond that film, 
in the main flow around a particle, 
intensive turbulent mass transfer oc- 
curs. Therefore, the main flow is con- 
sidered to be homogeneous, i.e. it 
has no gradients of temperatures and 
concentrations. It may be assumed in 
the final result that the oxygen con- 
centration in the bulk of the main 
flow, Cò, is equal to the oxygen con- 
centration al the film surface,{ C6,. 

The quantity of oxygen that passes 
by diffusion per unit surface area of 
particles is determined by Fick's law: 


Ki =ag(Cg,—Co,) (4.15) 


where a, = D/6 is the mass-transfer 
coefficient which characterizes tho ra- 
te of mass transfer of the substance 
through the layer of thickness 6, 
m/s, and D is the coefficient of mole- 
cular diffusion, m?/s. 


The highest supply of oxygen to the 
surface through the boundary layer 
will be observed at Cô, = 0. Then 


(K%) max = ago, 


To simplify tho solution, lot us 
assume that all the oxygen supplied 
by diffusion reacts on the particle sur- 
face. In that case the rate of the reacti- 
on per unit surface area in terms of 
oxygen consumplion will be expres- 
sed by formula (4.5) as follows: 


Kt=kCh, (4.16) 


The maximum reaction rate will be 
at Cd, = Cò, 


(K5)max = kC8, 


The pattern of variations of the ma- 
ximum rates, (K4)mox and (K1)max, is 
shown in Fig. 4.8. Noting that the oxy- 
gen consumption in the surface rea- 
ction must be equal to the oxygen sup- 
ply through the boundary film, i.e. 
KS = K; = K,, equations (4.15) and 
(4.16) can be solved together to give: 


K, = Sr Cb =k, Ch, (417) 

The structure of this equation is 
similar to that of a common kinetic 
equation with the reaction rate con- 
stant k being replaced by the resolved 
coefficient k, with due consideration 
given to the reactivity of the fuel and 
the conditions of oxidant supply to 
the reacting surface. 

Temporature has only a weak effect 
on mass transfer by diffusion (ag~ 
œT®5), but determines to an appre- 
ciable extent the rate of reaction on 
the surface (Aco e-F/RT), The nature 
of variation of the maximum rates of 
oxygen diffusion to the surface and 
oxygen absorption by that surface 
(Fig. 4.8) suggests two principal regi- 
ons of combustion of coke particles. 
At relatively low temperatures (less 
than 1 000°C for coke particles), the 
surface reaction proceeds rather slowly 
and oxygen consumption is only a 
small fraction of the quantity of oxy- 
gon that can be supplied to the sur- 
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Fig. 4.8. Regions of constant-size particle 
burning and variations of oxygen concentra- 
tion at its surface 


J-11I—respeetively kinetic, transition and diffu- 
sion region of burning 


face, i.e. k < ag. In that case k, wk 
and Cé, = Cé,. Then 


K,=kCb, (4.18) 


i.e. the total rate of reaction is limited 
by the kinetics of the chemical rea- 
cting on the surface. This temperature 
region of reactions is called the kinetic 
combustion zone. In this zono, the 
combustion process is independent of 
the conditions of oxygen supply. 

At high temperatures (above 1 400°C), 
the rate constant of the reaction on 
the surface increases rapidly and, at a 
certain moment, exceeds the maximum 
rate of oxygen supply to the surface, 
which varies only slightly with tempe- 
rature. Then, k >> aa and the total 
reaction rate is determined by the 
rate of oxygen supply: 


K,=adCd, (4.19) 


In this zone, the reaction rate va- 
ries slowly, notwithstanding the in- 
creasing temperature. The oxygen sup- 
plied to the surface by diffusion ro- 
acts instantaneously and its concentra- 
tion at the surface becomes virtually 
equal to zero. The reaction might pro- 
ceed at an appreciably higher rate, 
but is retarded by an insufficient sup- 
ply of oxygen. This temperature region 
is called the diffusion combustion zone. 
With oxygen deficiency at the surface, 
the reaction of the reduction of 


CO, to CO takes place at the incandes- 
cent coke surface, while the diffusing 
oxygen is completely consumed in the 
boundary film by gaseous CO where 
this is oxidized to carbon dioxide 
CO}. 

In this zone, the rate of combusti- 
on increases with the increasing rate 
of gas flow around particles and with 
the decreasing size of solid particles. 

At intermediate temperatures 
(4 000°-4 400°C), the rate of reaction 
at the surface becomes commensurable 
with the rate of oxygen supply, and 
the total rate of the reaction is deter- 
mined by both processes. This is cal- 
led the transition zone of combustion. 
Its position in the temperature scale 
depends on the size of coke particles. 
With smaller particles, the transition 
zone appears at a higher temperature. 

The ignition of any fuel begins at 
relatively low Lemperatures under con- 
ditions of ample oxygen supply, that 
is, essentially in the kinetic zone. As 
the temperature rises, the oxygen con- 
sumption in the reaction zone rapidly 
increases and the process passes through 
the transition zone into the diffu- 
sion zone. The end of combustion is 
usually well in the diffusion zone where 
the residual concentrations of the 
oxidant turn out to be rather low, sub- 
stantially retarding the burning-off 
of the remaining fuel [29]. 


4.4. The Ignition of Fuel-air Mixture. 
Combustion Front 


In power engincering, chamber fur- 
naces are the main type of furnace 
used for high-capacity steam boilers. 
The fuel-air mixture from a burner en- 
ters the furnace in the form of straight 
or swirled jets whose dovelop- 
ment in tho furnace space delermines 
the conditions of ignition and combu- 
stion intensity. 

Let us first consider the mechanism 
of development of a straight jet which 
flows into the furnace space filled 
with furnace gases (Fig. 4.9). Tho jot 
flows from Lhe burner embrasure with 
the initial parameters as follows: velo- 
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Fig. 4.9. Structure of free turbulent 
jet development 


J—end portion of nozzle (burner); 2—jet 
core; 3—boundary layer; ¢—tempcrature 
distribution In the Jet; 5—distribution of 
concentrations of combuatible matter in the 
Jet, 6—velocity diagram at burner outlet; 
7—Vvelocity diagrams in the main region; 
S—Jct spread angle, 9—inlemal angle 


city w, Lemperature 7,, and fuel con- 
centration Cy. At the interface bet- 
ween the jet and environment, tran- 
sverse components of pulsation velo- 
city cause the penetration of the jet 
mass into the surrounding volume. 
In the mixing zone, which is called 
the boundary layer of a jet, the intera- 
ction of the masses obeys the law of 
conservation of motion: 


Mop + Mw, = (M, + M,)vm 
(4.20) 


where M, and M, are the interacting 
masses of the jet and environment and 
W, and w, are their velocities; under 
the conditions considered, w, = 0. 

In view of this, the average velo- 
city of translatory motion of the mıx- 
ture, Wm, may be found as 
My 


Om = e+ My 


(4.21) 

On approaching the external boun- 
dary of the jet, the proportion of the 
mass entrained in motion, M,, incre- 
ases, and the velocity of the mixture 
w,, decreases. 

Owing to the turbulent mass trans- 
fer, the boundary layer gradually wi- 
dens to the inside as well as to the out- 
side, so that its potential core, which 
retains the initial parameters wy, 
Tos Cy (undisturbed portion of the 
jet), gradually diminishes. The exter- 
nal angle of jet expansion is equal to 
12-14°, while the internal angle of 
expansion of the boundary layer is 
around 6°. The section in which the 
potential core disappears is called the 
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transient section and the distance from 
it to the burner end is called the 
initial section of jet, Sy. Downstream 
of the transient section, the boundary 
layer extends across the whole jet, 
so that the parameters at the jet axis 
begin to vary with distance from the 
transient section (jet velocity decrea- 
ses and its temperature increases). 
The length of the initial section of the 
jet is found as: 

Sa == 0.67 Z> 


he (4.22) 
where r, is the initial radius of a ro- 
und jel or 1/2 of the equivalent dia- 
meter of a jet with a rectangular cross 
section, and a is the experimental coe- 
fficient of the jet structure, which ac- 
counts for its initial turbulence and 
the non-uniformity of the initial ve- 
locity field. 

In a turbulent flow with Reynolds 
number Re > 2 x 104, the coeffici- 
ent a = 0.07-0.08, whence the length 
of initial section is S, = (4.2-5) deq» 
where d.g is the equivalent diameter 
of a jet. In the transient section, the 
half-width, depending on the external 
angle of jet expansion, will be 


(4.23) 


thus, it exceeds roughly 3 times the 
inilial jet radius. 

The supplicd fuel is heated to the 
ignition temperature by two heat so- 
urces: by the radiant heat flux from 
the flame core and, more important, 
by convective heating due to the in- 
termixing of the jel mass with hot 
furnace gases. 


Fir = To + So tan Gex 
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Fig. 4.40. Structure of swirled annular jet at burner outlet 
(a) general view, (b) axial velocity distribution; S.—length of initial region: Spee length of gas 
recirculation reglon 


In view of this, burners should be 
designed so as to intensify as much as 
possible the entrainment of hot fur- 
nace gases into the fresh jet in the ini- 
tial section, thus accelerating fuel 
ignition. An example of such a burner 
is the vorter burner with an annular 
swirled jet (Fig. 4.10). Swirling of the 
jet is determined by the vorticity para- 
meter n = 2-5, which is found as the 
ratio 

4M 

=K (4.24) 

where M is the angular momentum re- 

lative to the jot axis, K is the proje- 

ction of the angular momentum ve- 

ctor onto the jel axis, and D is the cha- 

racteristic size of the jet; for round 

(continuous or coaxial) jets, the cha- 

racteristic size is their equivalent dia- 
meler deq. 

The vorticity parameter can be ap- 
proximately found from the formula: 


Awt 


n= we (4.25) 
where w, is the maximum Langential 
component of the flow velocity at the 
burner exit, and w, is the axial velo- 
city component (3, 57]. 

An increase of the z parameter re- 
sults in greater turbulization of the 
jet, more intensive entrainment of the 
surrounding gases into it, and a wider 
expansion angle. 


A turbulized jet has a zone of redu- 
ced pressure in its core near the axis 
into which high-temperature gases 
may tend to move, meaning that recir- 
culation of gases to the jet root may 
take place. The length of the recircula- 
tion zone depends on the vorticity pa- 
rameter: Srece = 1.4nr,. Thus, a swir- 
led annular jet differs from a straight- 
flow jet mainly in higher turbulence 
and in the appearance of an internal 
zone for entrainment of hol gases into 
the jet, whereas a straight jet has only 
an external zone of intermixing. For 
these reasons, a turbulized jet heats 
up more quickly. 

For the ignition of a hot mixture, 
two conditions are essential: the tem- 
perature of the combustible mixture 
must be not less than the ignition tem- 
perature and the concentration of the 
combustible substance must exceed 
the lower inflammability limit. 

At the external boundary of a jet 
where the temperature tm is the high- 
est, the concentration of the combu- 
stible substance is insufficient for ig- 
nition. On the other hand, in the core 
of the jet, the Lemperature is too low 
for ignition. Therefore, combustion 
can start only in a rather narrow jet 
band near the periphery where both 
condilions are fulfilled. 

The combustion front is characteri- 
zed by an elevated turbulization due 
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to a sharp increase in the volume of 
gases. The combustion front will be 
stable if fresh portions of fuel and air 
are continuously supplied lo it. Com- 
bustion always takes place at a certain 
distance from the burner end, since 
the jet just near the burner does not 
possess the required temperature. The 
combustion front is established in a 
place where the translatory velocity 
of the flow turns out to be equal to 
the velocity of propagation of. a turbu- 
lent flame. oe 


4.5. The Burn-off Intensity of Fuel 


The initial stage of fuel burning ta- 
kes place at a high concentration of the 
combustible substance and oxidant 
and an elevated turbulence of the flow 
which is formed by the burner. The 
zone of the furnace within which in- 
tensive combustion of fuel takes place 
to a burn-off degree 1p; = 0.85-0.9 
is called the flame core zone. It can be 
characterized by a high temperature 
and substantial thermal radiation onto 
the surrounding water walls (Fig. 
4.11). The size of the flame core zone 
may constitute '/, to !/, of the furnace 
space volume. The remaining por- 
tion of the furnace volume is what is 
called the zone of fuel afterburning 
and gas cooling. It is characterized by 
a low residual concentration of fuel 
and oxidant and a weak gas flow Lur- 
bulence, because of which fuel after- 
burning (burn-olf) takes place deep 





Fig. 4.41. Zones of fuel burning in furnace 


space 
I—flame core zone; s—zone of fuel afterburning 
and gaa coollng; J- resolved flame lenglh; A, ,— 


height of horizontal gas duct 
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Fig. 4.12. Fuel burn-off and gas temperature 
variations along the [lame height 
1—anthracite burn-off characteristic; 
burn-off characteristic; 3—gas temperature on 
anthracite combustion; ¢—gas temperature on 
fuel-oil combustion 


2—fuel-oll 


in the diffusion region and proceeds 
slowly. 

The degree of fuel burn-off in a fur- 
nace space is usually related to the 
resolved flame length ly, which is un- 
derstood as the horizontal distance 
from the burner end to the furnace axis 
plus the vertical distance from the bur- 
ner level to the level of the horizontal 
gas duct plus the horizontal distance 
to the furnace outlet (see Fig. 4.11). 
Figure 4.12 shows curves of fuel burn- 
off and temperatures in a furnace 
which depend on the relative flame 
length in combustion of solid fuels 
and fuel oil obtained by the results of 
tests of high-capacity steam boilers. 
As follows from the figure, the burning 
of a solid fuel is essentially completed 
at the relative flame length kly = 
= 0.35 and that of fuel oil al V/a = 
= 0.25. In the latter case, the flame 
core disappears in the initial horizon- 
tal portion of the resolved flame length. 

Pulverized coal is characterized by 
polydisperse particle size distributi- 
on. Its burning begins from the finest 
fractions which are healed up to the 
ignition point in a few hundredths of 
a second. As the fine particles burn, 
they accelerate the heating of the lar- 
ger particles; bul theso begin burning 
when the major portion of oxygen has 
already been consumed. For this rea- 
son combustion of larger particles ta- 
kes place mainly in the diffusion re- 
gion and they are mainly responsible 
for the loss of fuel as unburned carbon 
in waste gases. 
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COMBUSTION PRODUCTS 


5.1. The Composition 
of Combustion Products 


A knowledge of the composition of 
a fuel and of the reactions by which its 
combustible components are oxidized 
makes it possible to calculate the vo- 
lume of combustion products obtained. 
In boiler plant operation, combustion 
products are analysed conlinuously or 
periodically in order to control the 
completeness of fuel combustion and 
the density of gases in the waste gas 
path. 

In thermal calculations of boiler 
plants, the composition and tempera- 
ture of flue gases are used to determine 
the enthalpy downstream of each 
heating surface. It is also essential 
to know the volume of gases for cer- 
tain aerodynamic calculations. 

Combustion reactions at high tem- 
peratures proceed at a high rate. The- 
refore, the composition of the final 
combustion products is close to the 
equilibrium value. In zones where 
oxygen has been deficient, products of 
incomplete oxidation of the original 
combustiblo components may remain 
in fuel gases. The composition of com- 
bustion products formed on the com- 
bustion of 1 kg of solid or liquid fuel 
or 1 m? of gaseous fuel can be written 
in the following form: 

Fuel (1 kg)-+ air—> 


— Veo: +: Vbo, + Vno 
— , 2 





+ Vyat Vo, -+ Vion 
2 





+ Veot Viet Ven, (5.1) 
k 
where Vco,, Vso, ete. are the volu- 


mes of individual gas components in 
combustion products, m3/kg or m¥/m"™*. 

Combustion products of a fuel can 
be conveniently divided into three 
groups. Group 1 in formula (5.1) in- 
cludes the products of complete com- 
bustion of fuel elements, i.e. dry tria- 
tomic gases usually denoted as Vio,: 


Vro, = Vecos + Veo, (5.2) 


and waler vapours Vu,o. In the com- 
position of dry trialtomic gases, Veo, 
is always much greater than Vso, 
since fucls commonly have a low sul- 
phur content. Group 2 contains the 
volumes of nitrogen and oxygen which 
represent the residual dry air left 
upon fuel combustion and water vapo- 
urs. In this group, Vy, is much lar- 
ger than Vo,, since oxygen has boon 
consumed in a large amount for oxida- 
tion. The volume of water vapours in- 
cludes the evaporated moisture of the 
fuel and the moisture content of the 
air proper. Group 3 denotes the pro- 
ducts of incomplete combustion of fu- 
el elements; in this group, Veo > 
> Vu, > Ven, The ratio of volu- 
mes Vco:Vy, is 3:1 on the average. 
The presence of Vcn, in the products 
of incomplete combustion is indicative 
of strong deviations from the spe- 
cified conditions of combustion. 

Let us analyse complete fuel combu- 
stion, assuming the combustion pro- 
ducts have Veo = 0, Vn, = 0, Ven, =0 
and no residual oxygen, i.e. Vy. = Q, 
The quantity of air required for the 
complete combustion of 1 kg (1 m°) of 
fuel to utilize the oxygen of the air 


* In further discussion, only unit volum- 
es and enthalpies per kg fuel will be used. 
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without residue is called the theoreti- 
cally required air volume V°. In that 
case, according to formula (5.1), the 
theoretical volume of combustion 
products is 


v? z Veo, + Vso. + Vi: 4- Vh, (5.3) 


We must distinguish between the 
theoretical volume of dry gases: 


Vee = Veo, + Vs0. + Vi, = V ros + Vs 
(5.4) 


and the total volume of gases: 
Vi -Vie + Vino (5.5) 


In this case, the volume Vîi,o in- 
cludes all the water-vapour components 
in combustion products which have 
been considered earlier, while the 
volume V, is formed mainly from 
the nitrogen of the air, with a slight 
addition of the nitrogen of the fuel 
which evolves from the latter when 
heated together with other volatile 
components. 

The volume of dry triatomic gases 
Vro, in formulae (5.2) and (5.4) is 
the same and does not depend on 
whether the theoretical air volume 
V’ or a greater quantity V, is supplied 
for burning*, while the volumes of 
other components of combustion pro- 
ducts will change. In this case, the 
volumes corresponding to the theoreti- 
cal conditions of combustion are mar- 
ked by the superscript ‘0’. 

When the combustion of fuel is 
complete and there is any excess 
quantity of air in the combustion zone, 
i.e. with V, > V°, there forms the 
same theoretical volume of gases V¢. 
However, the actual gain in the volu- 
me of combustion products is deter- 
mined solely by the excess quantity 
of air AV, = Va — V” and by tho 
wator vapours contained in il, AV11,0. 

Under roal conditions, fuel cannot 
be burned completely at the theoreti- 
cally sufficient air volume V°’ since 
the short time the gases are presont in 


* The concentrations of CO, and SO, im 
atmospheric air are insignificant and disreg- 
arded in calculations. 


the furnace (1-2 s) is not sufficient 
for the thorough intermixing of fuel 
and air in the large volume of the 
furnace. For this reason, the actual 
volume of air that can ensure completo 
fuel combustion is always somewhat 
greator than tho theoretical value. The 
ratio of these volumes is called the 
excess air coefficient (ratio) in combu- 
stion products: 

a = V, V’ (5.6) 

The required excess air ratio of a 
furnace, a, depends on the kind of 
fuel, mothod of combustion, and fur- 
nace design. High-reactive solid fuels 
with a high yield of volatiles are igni- 
ted moro easily and burn off more 
quickly, and therefore, require a lo- 
wer excess air ratio than those having 
a low yield of volatiles. In gas-air 
mixturos, fuel can be intermixed effe- 
clively with air, for which reason fuel 
oils and gaseous fuels require a still 
lower air oxcoss. The same grade of 
fuel may roquire different excess air 
ratios when burned in various furnaces 
(say, in a straight-jet and vortex fur- 
naco) which differ in effectiveness of 
fuel-air intermixing. 

Tho rated excess air ratio ay can be 
found according to the Norms of ther- 
mal calculation of steam boilers by 
considering all the factors involved 
[20]. For the various kinds of fuel, it 
can usually be taken within the follo- 
wing limits: 


Solid fuels ........4-. 1.15-4.25 
Liquid fuels .......- 1.03-1.4 
Gaseous fuels ..... 2... 1.05-1.1 


A decrease in the excess air ratio 
may save onergy for driving blowers 
and increase the boiler efficiency, but 
ils roduction below the rated valuo 
a; may result in a sharp rise in hoat 
loss with unburned carbon and a lo- 
wer boilor efficiency. 

In steam boilers with supercharged 
furriacos, the excess air ratio at the 
exit from the furnace, œp, is equal to 
its value in the burner, œ, and re- 
mains unchanged along the whole gas 
path, since all gas ducts in this case 
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Superheater 





Fig. 5.4. Inleakage of cold air into boiler 


operate under an excess pressure and 
are made gas-tight (except for the re- 
generative air heater). 

In steam boilers operating at a ne- 
gative pressure (which is formed by 
induced-draft fans), cold air from the 
surroundings can leak into the gas 
path through untight joints between 
various elements (cracks and joints in 
the lining, places where the tubes pass 
through the lining, etc.). For this rea- 
son, the volume of combustion pro- 
ducts increases, thus increasing the 
excess air ratio, while the temperature 
of gases decreases (Fig. 5.1). Inlea- 
kage can be found as a fraction of the 
theoretically required air volume: 


AV = 
Aa, =a (5-7) 
where AV, is the volume of sucked-in 
air within a particular i-th heating 
surface of the boiler. 

In such a case, the air inlenkage 
downstream of the i-th heating sur- 
face after the furnace will be found as: 


i 
Air inleakage may also take place 

in the furnace proper (Aa,). Noting 

this, the excess air ratio in the com- 

bustion zone will be: 

(5.9) 


The volume of waste gases downstream 
of the last heating surface of the 


Qeom — Gy — Aa, 


boiler can be found using the for- 
mula: 


Vig = VE + (ure — 1) V° (5.40) 


As may bo seen, it consists of the 
volume of products of complete com- 
bustion V? and the total excess air 
AV,, whose amounl increases on the 
path of motion of waste gases in flue 
ducts. In turn, the total amount of 


excess air can be divided into two 

components: 

AVex = (Beom — 1) V° + âa V’ 
(5.11) 


where Boom = Geom is the excess air ra- 
tio at the burner exit. 

The first term in formula (5.11) is 
the excess air that is deliberately 
added to ensure complete combustion 
of fuel, and the second term repre- 
sents harmful air inleakage. 

The volume of air for complete com- 
bustion of solid and liquid fuels is 
determined by writing down the re- 
actions involved in the combustion of 
fuel elements [20, 37]. In the combu- 
stion of carbon and sulphur, the volu- 
mes of CO, and SO, which form 
Veo, and Vgo,, turn out to he equal 
to the volume of oxygen consumed in 
combustion: Vro, = Vo, and, since 
the volume of nitrogen remains pra- 
ctically unchanged, Vig = V°. 

When the hydrogen of fuel is burn- 
ing, the volume of water vapours 
formed is twice the volume of the 
oxygen consumed. Thus, the theoreti- 
cal volume of gases, Vg, of a fuel 
containing hydrogen is always greater 
than the theoretically required air vo- 
lume V°, even when ‘dry’ fuel devoid 
of adventitious moisture is burned. 

For gaseous fuels, the consumption 
of oxygen for combustion is calculated 
for each of the gas components sepa- 
rately, noting the percent age of their 
concentration in the gaseous fuel. 

The total volume of air and flue 
gases is found as the product of the 
volume calculated for 1 kg (m?) of the 
fuel by the total consumption of fuel. 
In addition, the method of resolved 
thermal characteristics can be used for 
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Fig. ©.2. I, 8-diagram of air and com- 


bustion products kifkg T yee | 
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the purpose, in which case the calcu- 
lated values are related to the unit of 
heat liberated by the fuel (1000 kJ 
or 1 MJ). The development and appli- 
cation of this method is largely due to 
the work of Prof. S. Ya. Kornitsky, 
M. B. Ravich, and Ya. L. Pecker [45]. 
The method is based on the Welter- 
Berehier rule which states that the 
quantity of heat liberated on com- 
bustion of dry fuel is directly propor- 
tional to the quantity of consumed 
oxygen, i.e. @ = a’ Vo,. Thus, with a 
fuel of the known heating value and 
moisture content, it is possible to de- 
termine the theoretical volume of air 
for combustion and the volume of 
combustion products. 

The enthalpy of combustion pro- 
ducts is found for the volume of gases 
obtained on combustion of 1 kg or 
1 m? of fuel. It is denoted as J, kJ/kg 
or kJ/m*. Since the specific heats of 
various gases are different, enthalpies 
are calculated separately for cach 
component of flue gases. For instance, 
the enthalpy of the theorctical vo- 
lume of combustion products al. a tom- 


perature @, °C, is: 
Iz = (V Ronos + VR ofNe + Vit,ocn 20 
Aw 
+ laah Top Cash) Ô (5.12) 


where CRo, Cx,. €H,o are the mean 
specific volume heats of flue gas com- 
ponents in the temperature range 0-6, 
kI/(m>-K), casa is the specific heat of 
ash particles, kJ/(kg-K), and aan is 
the relatively quantity of ash particles 
carried off by flue gases. 

The last term in equation (5.12), 
which characterizes the enthalpy of 
ash particles carried off by flue gases, 
is considered only for the combustion 
of high-ash fuels. 

The enthalpy of gases al an excess 
of air a >í can be found by the 
equation: 


I, =p + Al, =I} + (a —1) 19 
(5.13) 


where 7? is the enthalpy of the theo- 
retical volume of air: 


I = Ve,d (5.14) 
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where ca is the volume specific heat 
capacity of air, kJ/(m3-K). 

Calculated enthalpies of gases at va- 
rious temperatures can be plotted as 
an /, @-diagram, which is convenient 
for practical use (Fig. 5.2). 


5.2. Determination of Excess Air Ratio 
for an Operating Boiler 


The excess air ratio in the gas path 
of a boiler plant should be continuous- 
ly controlled in order to provide the 
optimal conditions for fuel combu- 
stion and to minimize air inleakage. 
Two such methods of control are cur- 
rently in use at power stations. The 
most popular method is to directly 
measure the residual oxygen in the 
flue gas flow by means of oxygen me- 
tors. This method is based on using 
the magnetic properties of oxygen mo- 
lecules, a property that is not posses- 
sed by other components in a multi- 
component gas mixture. 

The percentage of oxygen can be 
recalculated into the excess air ratio 
in the following mannor. Neglecting 
the slight increase in the volume of 
combustion products due to the libe- 
ration of nitrogen from the fuel, it 
may be taken that the volumo of dry 
gases is Vag = Va. The residual oxy- 
gon in combustion products can be 
expressed as a fraction (per cent) of 
the volume of dry gases: 


24 (a—1) V° 
o,-A (5.15) 


As has been stated oarlior, Vag = 
= aV’, and therefore: 


0, = Head (5.16) 
and the excess air ratio is: 
21 
a= 31-0, (5.17) 


where O, is the concentration of oxygen 
in combustion products, %, as measu- 
red by an oxygen meter. 

This formula holds true when fuel 
combustion is complete and air hu- 
midity can be neglected. The nocessa- 


ry corrections should be introduced if 
the flue gases contain products of in- 
complete combustion (CO, H,). 

Another popular method for deter- 
mining the excess air in combustion 
products is based on finding the per- 
centage of dry triatomic gases RO, = 
= CO, +50, in combustion pro- 
ducts: 


V 

RO, = Tae 100 (5.18) 

With complete fuel combustion in 
the stoichiometric ratio (œ = 1) and 
provided that the content of hydrogen 
and oxygen in fuel correspond to the 
equality H” = 0”/8, all the hydrogen 
in the fuel is considered to be oxidi- 
zed by the oxygen of the fuel, and 
therefore 


7 
RO! = —"2 499 = 94 % 
Vag 

In all solid and liquid fucls, howe- 
ver, H” > 0/8. The residual hydro- 
gen AH? = HP — 07/8 will then be 
oxidized by atmospheric oxygen and 
form water vapours. Tho remaining vo- 
lume of nitrogen, AVy,, enters the 
composition of dry gases, and the ma- 
ximum concentration of dry triatomic 
gases will be less than 21%: 


ROmax — Vno 
a Vag + 4Vn, 


Vao 


and will depend on the difference bet- 
ween H” and 0"/8. 

The difference in the concentrations 
of hydrogen and oxygon can be expres- 
sed in torms of tho fuel coefficient B. 
For solid and liquid fuels, B is found 
by the formula: 


p =2.37 HY — 00/8 


Co 40.375S7+p 
where S? +p is tho sum of organic and 
pyrite sulphur in the working mass of 
fuel. 

Using the fuel coefficient B, RO™ 
can be written as follows: 


(5.20) 


ROmar = D S 


TFP (5.21) 
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Gaseous fuels contain no oxygen, 
but their hydrogen content is sub- 
stantially higher, and thoréfore, RO™* 
turns oul Lo be much lower than that 
of solid and liquid fuels. 

Tho RO™: valuos of various fuels 
are within tho following limits: 


Solid 


fuels 2... .....2, . 18-20% 
Fuel oil 16-17% 
Natural gas ........ . 14-13% 


With a > 1, the volume of dry ga- 
ses will be: 


Vag = Vor + AV, 
and the volume of triatomic gases is 


V 
RO, = 


Viz FAVa 
i.e. smaller than ROP**, Since Vpro, 
remains unchanged, we have: 
ROP _ Vastly _ Ya u 
RO y? TAVO 


100 





(5.22) 


The accuracy of the excess air ratio 
a delermined by this method depends 
on how accurately we know the 
ROma: of the fuel (sinco the compo- 
sition of fuel delivered to a power sta- 
tion is not always perfectly constant) 
and how accurately tho flue gases ha- 
ve been sampled and analysed for 
RO.. 

Certain difficulties in the applicati- 
on of this method for determining a 
arise in the combustion of fuels con- 
taining carbonates in thoir mineral por- 
tion as they dissociato thermally with 
tho evolution of an additional, often 
variable, volume of CO,. 


5.3. Toxic Substances in Waste Gases 
and Measures of Environmental 
Control 


Thermal power stations consume 
around 40% of the total fuel produced 
in the world and thus can substanti- 
ally influence the environment by 
ejecting heat and certain harmful pol- 
lutants into the almosphore and wa- 
ter basins. This necessitates system- 
atically protecting tho environment 
from the harmful effluents of indu- 


§~-01524 


strial plants for the sake of both the 
present generation and those of the 
fulure. 

Certain components in the gaseous 
effluents from power stations aro safe 
for man; these include water vapours, 
carbon dioxide, oxygen and nitro- 
gen. Other ingredients are harmful to 
varying degroes. 

Thermal power stations and largo 
boiler houses pollute the atmosphere 
by ejecting nitrogen oxides (NO, = 
= NO + NO,), sulphur oxides (SO, + 
+5S0,), solid ash particles, and 
vanadium pontoxide V,O,. Moreover, 
if combustion is incomplete, flue ga- 
ses may contain carbon monoxide CO, 
hydrocarbons, such as CH, or C,H,, 
benzpyrene Cotija, and soot. The 
length of time the harmful gascous 
substances may exist in the environ- 
ment ranges from a few hours lo a few 
days. Many aro gradually destroyed or 
transformed into harmless substances 
under the offect of solar radiation and 
atmospheric oxygen. Air-borne solid 
particles (soot, vanadium pentoxide, 
benzpyrene) may scttle and accumu- 
late on tho earth’s surface and be in- 
volved into the circulation of the 
lower atmospheric layers. 

By their effect on the human orga- 
nism, harmful substances aro divided 
inlo a number of classes. Vanadium 
pentoxide and benzpyrene relate to 
extremely dangerous substances. The 
former appears in minor quantities on 
the combustion of fuel oils. Benzpy- 
rene may appear in waste gases on 
the combustion of any fuel with oxy- 
gen deficiency and is also formed on 
the slow decomposition of soot. Nitro- 
gen dioxide NO, and sulphuric an- 
hydride belong to the class of highly 
dangerous substances. Nitrogon oxides 
NO, mainly form in the high-tompe- 
raluro zones of the flame. The yield 
of NO, constitutes around 10% of the 
total yield of NO,. Sulphur of fuel 
mainly burns off to form sulphurous 
anhydride SO, which, like NO, is 
placed in the third class of harmful 
substances by their effect on man (mo- 
deratoly harmful substances). Sulphu- 
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ric anhydride SO, may form in fur- 
naces from SO, at the final stage of 
flame burning when there is an excess 
of atomic oxygen or by catalysis on 
the high-temperature deposits of steam 
superheaters. lis yield is 2-5% the 
yield of SO,. In the zone of low-tem- 
perature heating surfaces, SO, is 
transformed into sulphuric acid vapo- 
urs and is partially spent in the pro- 
cess of low-lemperature corrosion (sco 
Ch. 16). 

The risk from the effect of a parti- 
cular substance on a living organism is 
determined as the ratio of the actual 
concentration of the substance C, 
mg/m? to the highest permissible con- 
centration (HPC), mg/m‘, in air at the 
breathing level: 


kı = C,/HPC, (5.23) 
This ratio is called the toxic rale of 
an i-th substance. It should always be 
less than unity. 

If air contains a number of harmful 
substances with a similar biological 
effect on the living organism, its toxi- 
city is enhanced. Therefore, the pre- 
sence of such substances in air is inad- 
missible even in concentrations near 
the HPC level. In such a case, the to- 
xic hazard is estimated by adding to- 
gether the toxic rates of the individual 
substances. For waste gases, the addi- 
tivity principle is applied to NO,, NO, 
SO,, SO,, and CO. Noting this, the 
additivity formula of toxic offluents is 
as follows: 


Cag. 
HPCgo, 


Cro 


Cros + 
HPCyo 


IPGNo, 


Csos Cco 
+ APGso, + HPtco S} (5.24) 
In many cases, henzpyrene is inclu- 
ded into this formula. For solid (par- 
ticulate) effluents, the additivity for- 
mula is: 


C C Cvaos 


ai NE a S A a 
HPG, + pc, * HPCy.0, <1 


(5.25) 


whero the subscripts ‘a’ and ‘s’ stand 
for ‘ash’ and ‘soot’. 


The highest permissible concenlra- 
tions of selected harmful substances 
are given in Table 5.1. 


Table 5.1. Highest Permissible 
Concentrations of Selected Harmful 
Substances in Air, mg/m? 


In Inhabited areas 

Substance E žada] 22 
i ne Z zege ance 
= axes | esses 

f=] Pei bEOR 

2 BB8s | ag 





Nitrogen dioxide NOs 0.085 | 0.085 
Nitrogen oxide NO 0.25 0.25 
Sulphuric anbyd-| SO, | 0.30 0.40 
ride 

Sulphurous anhyd-| SOQ. | 0.50 0.05 
ride 

Carbon monoxide c 3.0 1.0 
Benzpyrene C,,Hy2 — |1yx10 
Vanadium pento-| V30, — 0.002 
xide 

Soot (grit) -- 0.15 0.05 
Dust (ash particles) ~- 0.50 0.15 


Power stations account for roughly 
3/4 of the total sulphur oxides ejected 
into the atmosphere. In view of the 
increasing industrial utilization of 
high-sulphur fuel oils and solid fuels, 
reducing the total discharge of sul- 
phur oxides in the atmosphere is an 
urgent concern. Since the volume con- 
centration of sulphur oxides in waste 
gases is rather Jow (around 0.2%) and 
the volumes of waste gases are enor- 
mous, purification of gases from SO. 
is difficult to accomplish. It seems 
more reasonable to purify petroleum 
from sulphur al petroleum processing 
plants or to subject fuel oil and high- 
sulphur solid fuels before combustion 
lo a deep thermal processing which 
can produco gaseous fuel and valuable 
liquid products. In such processes, 
sulphur compounds can be extracted 
and collected much more easily. Such 
methods of fuel processing are being 
used on an ever increasing scale. 

The extraction of NO, from waste 
gases involves even larger engineering 
difficulties than that of SO,. This is 
due to a Jower concentration of NO, 
in gases (which is only 1/2 to 4/5 of 
that of SO,) and the lower chemical 
aclivily of the NO which is present in 
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the gases in a much larger concentra- 
tion than NO,. Around 40% of the 
total quantity of nitrogen oxides oje- 
cted into the atmosphere is from power 
stations [47]. 

In contrast lo gaseous SO, whose 
presence in wasle gases is uncontrol- 
lable and depends only on the concen- 
tration of sulphur in the fuel, the 
concentration of nitrogen oxides in 
waste gases depends heavily on com- 
bustion organization in the furnace. 
Nitrogen oxides are mainly produced 
from the atmospheric oxygen and 
nitrogen in the high-temperature com- 
bustion zone (at Lemperatures above 
4 600°C) and by the oxidation of the 
nitrogen of fuel (this reaction can 
occur at temperatures below 1 600°C). 
Thus, the main means of reducing the 
formation of NO, in furnaces are to 
reduce the temperature in the com- 
bustion zone (‘low-temperature’ com- 
bustion) and limit the quantity of 
excess air. I{ should be noted, howe- 
ver, that with improper operation of 
the furnace or burners, these measures 
may result in the appearance of other 
equally harmful substances (such as 
soot or benzpyrene). 

Around 20% of the total contami- 
nation of the atmosphere with solid 
dust particles falls on ash discharge by 
power stations. The discharge of solid 
fractions by power stations may incre- 


ase in the future due to the increasing 
power of stations and the increasing 
use of solid fuels. In this respect, the 
problem of how deeply to purify flue 
gases from ash particles is growing in 
magnitude. Fly ash formed by the 
combustion of solid fuels contains a 
number of harmful components, such 
+s fluo:ide and arsenic compounds and 
the oxides SiO, and CaO. Ash colle- 
ction at thermal power stations is most 
often carried out in electrostatic pre- 
cipitators. For many fuels with an ele- 
vated content of ash, the degree of 
ash collection must be no less than 
99%. 

For tho present, until efficient indu- 
strial plants capable of removing harm- 
ful impurities from fuel or from waste 
gases are developed, one method of 
decreasing the concentration of toxic 
substances in the lower atmosphere is 
to build tall stacks up to 320 m high 
which can spread flue gases to large 
distances. With higher stacks. the 
concentration of harmful impurities in 
the atmosphere at the earth’s surface 
decreases in inverse proportion to the 
square of the stacks’ height ratio. 
Tall stacks are not, however, a radi- 
cally effective means of protecting the 
environment from industrial effluent; 
they simply diminish the local con- 
centrations of harmful substances in 
the lower atmosphere. 
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EFFICIENCY OF FUEL HEAT UTILIZATION 


6.1. The Heat Balance and Efficiency 
of the Steam Boiler 


Tho efficient utilization of fuel in 
steam boilers is primarily delermincd 
by the following three factors: 


ne 


(1) complete combustion of the fuel 
in the boiler furnace; 

(2) deep cooling of the combustion 
products during their passage through 
the heating surfaces; and 

(3) minimization of heal losses to 
the environment. 
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The extont to which the heat of the 
fuel is transferred in the boiler to the 
working fluid is determined by the 
boiler’s gross efficiency. This is defi- 
ned as the quantity of heat absorbed 
by*the working fluid Q,, kJ/kg of so- 
lid or liquid fuel or kJ/kg of gaseous 
fucl, related to the available heat of 
the working mass of fuel, Qe, kJ/kg: 


_ % 
T» = Ge 100 (6.1) 


The available heat of burned fuel is 
determined by the general formula: 


Qir = Qr + Qpn + Qaex 
+ Qat EE Qca (6.2) 


where Qr is the lower heating value 
of the working mass of fuol, kJ/kg, 
Qpn is the physical heat of solid or li- 
quid fuel bofore burning, kJ/kg, Qaex 
is the quanlily of heat absorbed by 
the supplied air during preheating 
outside tho boiler (most often in exter- 
nal air heaters) kJ/kg, Q,, is the heat 
of steam used in steam burners for 
fuel oil atomization, kJ/kg, and Q4 is 
tho heat from the dissociation of car- 
bonates in the mineral mass of fuel, 
kJ/kg (the last term is applicable only 
to oil shales). 

The physical heat of fuel before 
burning depends on its temperature 


Qpn => Cty (6.3) 


where cy is the specific heat of fuel, 
kJ/(kg K), and t; is its temperature, 
o 

Cc 





The average temperature of solid 
fuels may range from 0 to 20°C, but 
may be ovon sub-zero in winter lime. 
In the combustion of fuel oil, tho 
term Qpan must always be taken into 
account since, for atomization, fuel 
oll is preheated in the burner up to 
400-130°C. 

The quantity of heat absorbed by 
the air for combustion during prehe- 
ating outside the boiler is found from 
the formula: 


Qaezx = BaV%Cq (ta — tea) (6.4) 


where Ba isthe relative’air quantity 
passing through aš heater, ĉa is the 


specific heat of air, tea is the tempera- 
ture of cold air, and ¢, is its tempera- 
ture al tho entry to the boiler air heator 
(or behind the external air heater). 

The heat introduced by steam for 
fuel oil atomization is: 


Qn = do (ign — is) (6.5) 


where d,, is tho unit flow rale of steam 
for atomization, kg/kg fuel (usual- 
ly d,, = 0.05-0.1 kg/kg), ¿ia is its 
enthalpy, kJ/kg, and i; is the en- 
thalpy of steam carried off by flue ga- 
ses al a temperature 3,2, kJ/kg. 

The quantity of heat that is spent 
on the dissociation of carbonates in 
oil shalos is proportional Lo the quan- 
tity of carbon dioxide that evolves on 
combustion, COM, so that the for- 
mula for determining Q,q is: 


Qea = 40.5C084 (6.6) 


To sum this up, the heat available 
on the combustion of various kinds of 
fuel can bo dolermined by the follo- 
wing formulae: 

— for anthracites, coals and brown 
coals of a low humidity and low 
sulphur content: 


Qis = OF; 
—for moist brown coals and for 


coals and fuel oil with a high sulphur 
content: 


pi E Q" + Qpr + Qaexi 


— for fuel oil atomized by stoam 
in burners: 


Qao = QF + Onn + Qaex + Qari 
— for natural gas: 
Qt = Q}; 
— for oil shales: 
Qio = OF — Qea- 


Tho heat absorbed by the working 
fluid (waler and steam) in the boiler 
per kg (or m?) of fuel can be found 
from the formula 


Dan >; D 
Qi = HF (tea — tye) + 


+ ane (i’ ie liw) 





(ir, — irn) 


(6.7) 
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where D.» and D,a are the flow rate of 
fresh superheated steam and steam 
from secondary superheating (re- 
healed steam), kg/s, D vw is the flow rate 
of blow-off water from the boiler 
drum to maintain the required salt 
conditions in the circulation circuit, 
kg/s, Dow must be considered if it is 
more Lhan 2% of Dari bas, if, and i’ 
are respectively, the enthalpy of su- 
perheated steam, feed water and wa- 
ter al the saturation lino at the pres- 
sure in the drum, kJ/kg, ia and i}, 
are the enthalpies of secondary super- 
heated steam at the inlet to and outlet 
from the reheat superheater, kJ/kg, 
and B is the fuel consumption, kg/s 
or m*/s. 

The heat utilized in a boiler can 
also be expressed in terms of heat ab- 
sorption by the individual heating sur- 
faces: 


Qs =Q, HOH + Orn + Qee (6.8) 


where Q; is the heat absorption by 
the working fluid in the furnace water 
walls, kJ/kg, Qcs" is the heal absor- 
plion in the convective surfaces of 
superhealer, kJ/kg, Q,» is the heat 
absorption in the secondary super- 
heater, kJ/kg, and Qee is the heal ab- 
sorption in the economizer, kJ/kg. 

During boiler operation, some of the 
available heal is inevitably lost and 
constitutes heat losses. The distribu- 
tion of the heat supplied to a boiler 
as uscful heat and lost heat is the ba- 
sis for compiling the heat balance of a 
steam boiler, The heat balance equ- 
ation corresponds to steady-state ther- 
mal conditions of boiler operation. It 
is usually written for 1 kg or 1 m? of 
burned fuel: 
Qi E Q, +Q: oA Qs+ Q. -4- Qs + Qa (6.9) 

heat losses 

Dividing both sides of equation (6.9) 
by Q%, and expressing the result as a 
percentage, we gel: 


100 = q, +42 +9 +% +g 
+g (6.10) 
The typical items of the boiler heat 


balance and their values are given in 
Table 6.1. 


Table 6.1. Ileat Losses In Steam Boilers 


Relative 
loss, % 


of qm, 


leat loaa Item qa, % 





With waste gases qa 4-7 

Through incomplete Qs 0-0.5 
combustion 

With unburned car- % 0.5-5 
bon 

By cooling through qs 0.2-4 
the lining 

As physical beat of qa 0-3 
removed slag 

Sum of heat losses 6-12 


| Iq 





The direct calculation of the boiler 
efficiency by formula (6.1) may turn 
oul to be insufficiently accurate and 
involve difficulties in accurate measu- 
rement of certain parameters, c.g. mass 
flow rates of steam and fuel, heating 
value of fuel, and some components 
of the available heat. 

The gross efficiency of a steam boiler 
can be found by the inverse balance 
method if we know the sum of its heat 
losses: 


nn = 100 — (ge +43 + 4% 
+ gs + %) (6.11) 


The inverse balance method, i.e. 
determining the boiler efficiency by 
the sum of heat losses, gives a more 
accurate value than the direct balance 
method, since the sum of heat losses 
constitutes roughly 1/10 of QH, and 
all ils items can be reliably measured. 
This is the sole method available for 
estimating the thermal efficiency of 
new steam boilers at the design stage. 

lf we know the heat losses and, con- 
sequently, the gross boiler efficiency, 
we can uso formulae (6.1) and (6.7) to 
find the fuel consumption by the boiler, 
kg/s: 

B-- 
Dsn (iss— iw) d- Drn(izn— irn) + Dow (E —ijw) 
Qb 
(6.12) 


The fuel consumption thus obtained 
is the rated value for calculating the 
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pulverization system of tho boiler. In 
solid fuel-fired boilers, more often 
than not, fuel is not burned complete- 
ly, i.e. there is a heat loss with un- 
burned carbon q,. To find the actual 
volumes of combustion products and 
the air flow rate for combustion, the 
concept of rated fuel consumption is 
introduced: 


B, = B (A — 0.041g,) (6.13) 


The gross efficiency characterizes 
the perfection of operation of a steam 
boiler proper. Its normal operation, 
however, depends in addition on a 
large number of auxiliary machines 
and mechanisms, which consume a 
portion of the energy produced by the 
power plant (station). The use of 
energy for this purpose is called the 
auziliary power consumption, Naus, of 
a boiler plant. The auxiliary power 
consumption includes the power con- 
sumed by forced- and induced-dralt 
fans, feed pumps, pulverizing equip- 
ment, blowing devices, and a large 
number of electric motors in the auto- 
matic remote control system. For 
boilers operating in monobloc units 
with turbines, the auxiliary power 
consumption can be found as a per- 
centage of the total power production 
by the following formula: 


Naux 


BQP Mat 100 


ANaur = (6.14) 


where B is the fuel consumption by 
the boiler, kg/s, and ņ,ą; is the effi- 
ciency of power production al the 
stalion. 

In high-capacity boilers, Atgus is 
equal to 4-5%. By subtracting the 
auxiliary power consumplion Ang,» 
from the gross efficiency of a boilor 
ne, we obtain what is called the net 
boiler efficiency, which characterizes 
the efficiency of the boiler plant ope- 
ration in terms of the electric energy 
delivered to consumers: 


(6.45) 


np"! = ip — Atausz 


6.2. Analysis of Heat Losses 


Heat loss with waste gases. Accord- 
ing to Table 6.1, heat loss through 
waste gases is the largest item in the 
heat balance. Its relative magnitude, 
per cent, can be found by the formula: 


n= GE-100 (6.16) 
where Q, is the absolute heat loss, 
kJ/kg: 


Q: = (Tog = Quy glea) (1 — 0.01q,) 
(6.17) 


Here, Iug is the enthalpy of waste 
gases, kJ/kg, and {ĉa is the enthalpy 
of the theoretically required volume 
of cold air, kJ/kg. The first multiplier 
in the equation gives the gain in en- 
thal py of waste gases relative to that of 
the air supplied to the boiler (both 
organized and unorganized). The se- 
cond multiplier is a correction for in- 
complete combustion of fuel. As fol- 
lows from formula (6.17), the heat loss 
through waste gases Q, is determined, 
first of all, by the enthalpy of waste 
gases Iwg, i.e. it depends on their 
temperature sg and their volume 
which is characterized by the excess 
air ratio Qwyy. 

By reducing the Lemperature of the 
waste gases by 15-20 deg C, it is possible 
to decrease q, and thus raise the boiler 
efficiency by roughly 1%. This can be 
achieved by arranging an additional 
convective healing surface AH. whose 
dimensions will be the larger, the 
greater the reduction in the waste gas 
temperature (Fig. 6.1). It should also 








Fig. 6.1. Variation of the additional heat- 
ing surface area in various temperature 
regions 
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be noted that wg depends substantial- 
ly on the temperature of the feed wa- 
ter ty. at tho inlet to the economizer 
and the tomperalure of air at the inlet 
to the air heater, te. This can be exp- 
ressed by the following relationship 
{6]: 

w—1 

a 


t — 
doy = 





(tpe + At) EO 
(6.18) 


where œ = 2(Vc),/(Vaeq) is the ratio 
of the water equivalents of the gases 
and air in the lower stage of the air 
heater, At, is the temporature gra- 
dient. (between gas and air) at the 
‘hot end’ of the air heater, and At, 
is the temperalure gradient (between 
gas and water) at the ‘cold end’ of the 
economizer. 

The recommended minimum values 
of temperature gradients [20] are 
At, =30 deg Cand At, = 40 deg C; but 
somewhat higher values are usually ta- 
ken in tho boiler design, since the 
values indicated require excessively 
large surfaces of air hoater and eco- 
nomizer. The ratio of water equiva- 
lents depends on the quality of fuel 
and the excess air ratio in the air 
heater zone. 

For a particular kind of fuel and the 
selected values of At, At, and excess 
air ratio, formula (6.18) takes the 
form: 


bug =A + Bly (6.19) 


As follows from the above, a comp- 
lex engineering-economical approach 
is essential for selecting the optimal 


temperature of waste gases Oy. A chan- 
ge of Oy, will substantially influence 
the size of the heating surfaces of the 
economizer, air heater and regenera- 
tive heaters. This circumstance will 
change the hydraulic resistance of the 
gas and water paths and the energy 
consumption by feed water pumps and 
blowers. A probable change in the 
height of the slack to better disperse 
the waste gases should also be consi- 
dered. 

Thus, if measures are taken to lower 
the temperature of the waste gases 


and feed water with the temperature 
of hot air remaining the same, the 
additional oxpenditures involved can 
be found as follows: 


Z = AS an + ASec — AS wh 
+ AS y, Fa AS jy +- AS, (6.20) 


where ASan and ASec are tho costs of 
the additional heating surfaces of an 
air heater and an economizer, AS,, 
is the oxtra cost of electric onergy for 
driving the blowers, associated with 
the increased resistance of the air-gas 
path, AS,, is the cost for constructing 
a taller stack, AS,,, is the saving in 
feed water healers, and AS), is the 
fuel savings. 

The optimal temperature Ov is 
found by minimizing the calculated 
expenditures, which is done by sol- 
ving the equation: 


8Z/dby_ = 0 (6.24) 


Typical curves of the optimal tem- 
perature of waste gases as functions 
of the decisive economic factors are 
shown in Fig. 6.2. The optimal tem- 
peralure of waste gases depends sub- 
stantially on the cost and quality of 
fuel, and, first and foremost, on its 
moisture content. When the cost of 
fuel is high, the savings in consumed 
fuel can justify the extension of heat- 
ing surfaces and thus allows a lower 
temperature of waste gases (Fig. 6.2a). 
A high moisture content in the fuel 
increases the volume of combustion 
products and their specific heat, since 
water vapours possess the highest 
specific heat in these gases. To cool 
by the same number of degrees AÑ, g, 
waste gases with a high humidity 
must givo up a greater quantity of 
heat, which requires a further increase 
in the heating surfaces compared with 
dry fuel. For the same or lower priced 
moist fucl, extending the heating sur- 
faces is not economically feasible, 
which means that the optimal tem- 
perature of the waste gases will inc- 
rease along with the moisture content 
of the fuel (Fig. 6.25). 

An increase in the initial parameters 
of stoam (pressure and temperature) 
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can significantly raise the efficiency 
of heat regeneration, which justifies a 
certain increase in the feed water tem- 
perature. On the other hand, an 
increase in tho initial pressure of 
steam increases the expenditures on 
boiler equipment as well as energy con- 
sumption by the feed water pumps. 
As shown earlier, an increase in the 
temperature of feed water, tjw, results 
in a higher waste gas temperature €,,,, 
and therefore, in higher cost and lower 
economic efficiency of the boiler plant. 
For this reason, thermodynamic pos- 
sibilities for increasing the efficiency 
of boiler plants are always restricted. 
As follows from the calculated rela- 
tionships (Fig. 6.2c), the effect of ty, 
on ð% is more pronounced with the 
less expensive fuels. 

In boiler plant design, practical va- 
lues of Opg are usually takon in the 
range of 120-160°C. 

As regards semi-peak load boiler 
plaats, which are put in operation only 
during periods of elevaled electric 
loads, tho problem of minimizing boi- 
ler cost is more important than that of 
decreasing tho waste gas temperature. 
For this reason, boilers of this type 
are characterized by lower steam pa- 
rameters and higher temperature of 
waste gases (3, = 160-200°C). 


Fig. 6.2. Determination of opti- 
mal temperature of waste gases 


(a) dependence on the cost of hea- 
ting surfaces and fuel; 1—expendl- 
tures on heating surfaces; 2 and 
2’—erpendilures on mor expensive 
and less expensive fuel; 3 and 3’— 
total calculated expenditures with 
more expensive and less expensive 
fucl: (b) dependence on the (ced wa- 
ter temperature and the moisture 
content of fuel; 4 and 4’—IImits for 
dry fuels with W” < 0.7; S and 
5’—ditto, for moist fucis with W’ = 
se1-5; (c) correlation between the 
optimal temperature of waste gases, 
the temperature of feed water and 
the cost of fuel for n supercritical 
pressure monobloc unit 
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When selecting the optimal wasto 
gas temperature, ono should also con- 
sider the probable corrosion of low- 
temperature heating surfaces — espe- 
cially the surface of the air heater 
(see Sec. 16.3). To forestall this, boilers 
to be fired on high-sulphur fuels (S” 
more than 2%) are designed for a 
higher temperature of waste gascs 
(up to 140-160°C) and with additional 
preheating (to 60-80°C) of the air sup- 
plied to the air heater. Certain measu- 
tes are also taken to minimize corro- 
sion in the air heater (see Sec. 19.4). 

Heat loss by incomplete combustion. 
The products of combustion may con- 
tain gaseous combustible components, 
such as CO, H, or CH,. Their after- 
burning beyond the boiler furnace is 
practically impossible since the tem- 
perature of gases and the concentrations 
of the combustible components and 
oxygen are too low. The heat that 
might be produced by afterburning 
these components constitutes what is 
known as the heat loss by incompleto 
combustion Q, kJ/kg, or gs, %. It 
can be calculated by the formula 159]: 


qa = (126.4CO + 108H, + 358.2CII,) 


Vag (100—4q,) 
x ee 


oF (6.22) 
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Fig. 6.3. Heat losses due to incomplete com- 
bustion $ 


where CO, H, and CH, are the volume 
concentrations of the products of in- 
complete combustion in dry gases, %, 
Vag is the volume of dry gases, m?/kg 
fuel, (100—gq,) is the degree of com- 
bustion of the solid portion of fuel, %, 
the numbers at the symbols of gases 
are their respective heating values, 
kJ/m?, divided by 100. 

On burning gaseous and liquid fuels, 
the heat loss by incomplete combus- 
tion g, = 0-0.5%. With solid fuels, 
this item is, as a rule, rather small 
and neglected. In boiler practice, this 
item of heat losses is mainly determi- 
ned by the concentration of CO and, 
to a lesser extent, H, in combustion 
products. The appearance of CH, in 
combustion products is indicative of 
an improperly organized combustion. 
Analysis for incomplete combustion 
should always be done for all the 
components of combustion products 
since, as follows from formula (6.22), 
even a slight quantity of CH, may 
have a noticeable effect on gy. 

Heat loss from incomplete combu- 
stion substantially depends on the 
excess air ralio and boiler load 
(Fig. 6.3). Thoroughly intermixing the 
fuel and oxygen (curve 7) ensures that 
heat loss by incomplete combustion 
may lake place only at a < 1. Under 
real conditions (curve 2), Lhe appoa- 
rance of this loss al œ = 1 and full 
boiler load is indicative of an impro- 
per intermixing of fucl and air. In- 
complete combustion cannot Lake place 
al what is called the critical excess 
air ratio «,,, which is usually equal to 
1.02-1.03 and thus characterizes the 


aerodynamic perfection of the burner 
arrangement. With the boiler opera- 
ting al a reduced load (curve 3), the 
exit rate of the fuel and air from the bur- 
ner decreases (thus decreasing the ener- 
gy for intermixing the fuel and air 
flows) and the temperature level in 
the combustion zone diminishes some- 
what, which results in an increased 
heat loss from incomplete combustion. 

Heat loss with unburned carbon. In 
the combustion of solid fuels (peat, 
coals and oil shales), the heat loss 
with unburned carbon is essentially 
the loss with unburned coke particles 
carried off from the combustion zone 
by furnace gases; during the short time 
they are present in the high-tempera- 
ture zone of the flamo, these particles 
evolve volatiles, but remain partially 
unburned. In the combustion of fuel 
oil and natural gas, Lhe unburned car- 
bon loss may be in Lhe form of solid 
particles (which remain upon the eva- 
poration of fuel oil droplets) or soot 
particles which can form in high-tem- 
perature combustion zones at a defi- 
ciency of oxygen (œ < 0.6). 

Under normal operating conditions, 
the unburned carbon heat loss of solid 
fuels g, may range from 0.5% to 5%, 
with the lower values relating to fuels 
with a high yield of volatiles (peat 
and brown coal), and the higher ones 
to those of a low reacting ability (low 
yield of volatiles), such as anthracite. 
For coals, g, = 0.5-2%. The heat loss 
q4 from the combustion of natural gas 
and fuel oil is not high (usually less 
than 0.1%) and is considered along 
with gg, i.e. as the sum gs + q4- 

In chamber-furnace combuslion of 
solid fuels, the heat loss with unbur- 
ned carbon Q,, kJ/kg, is divided into 
the carry-over loss Q% and the loss with 
slag Q;', the former being predomi- 
nant. 

The carry-over loss is determined by 
fine coke particles which are carried 
off (over) by the gas flow from the 
furnace, channeled through all the 
boiler flue ducts and, together with 
ash particles, are collected in electro- 
static precipilators or other types of 
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Fig. 6.4. Heat losses with unburned carbon 
in dry-bottom furnaces 


-dust colleclors and discharged to ash 
‘dumps. The loss wilh slag is due to 
the fact that some unburned fuel par- 
ticles in the combustion zone are fu- 
sed with molten slag and drop onto 
the furnace bottom. 

When the oplimal fineness of fuel 
pulverization is obtained and under 
normal operating conditions of the 
boiler, the loss g, depends on excess 
air and varies widely with changes in 
the yield of the volatiles (Fig. 6.4). 
When the excess air ratio is below the 
-optimal level, q, may rise owing to an 
improper intermixing of fuel and air 
at the exit from the burner or to the 
appearance of an oxygen deficiency 
zone though the temperature lovel de- 
veloped by the burner is quite high. 
With a@>aon:, the temperature in 
the combustion zone decreases, resul- 
ting in a lower rate of oxidation reac- 
tions (see Ch. 4). On the other hand, 
the volume of combustion products 
increases, thus diminishing the time 
the particles are present in the high- 
temperature zone. These two factors 
are responsible for an increase in the 
heat loss wilh unburned carbon. 

An clevated value of q, in low-re- 
active fuols (anthracite, semianthraci- 
te) is due to the delayed ignition of 
coke particles and prolonged burning 
in the diffusion region. These kinds of 
fuel are, therefore, rather sensitive to 
variations in operating conditions. As 
an example, Fig. 6.5 shows the effect 
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Fig. 6.5. Effect of hot air temperature on 
heat loss with unburned carbon 
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Fig. 6.6. Variations of unburned carbon 

heat losses in slagging-bottom furnaces as 

a function of the degree of non-uniformity 

of air distribution between burners at tng = 
= 400°C 


of variations of hot air temperature 
and Fig. 6.6 shows the effect of a non- 
uniform distribution of air between 
the burners on the unburned carbon 
heat loss q,; in the latter figure, ôa is 
the relative deviation of excess air 
ratio from the raled value. 

Heat loss by cooling. Since the tem- 
perature of the lining and casing of a 
boiler and of its other elements (such 
as drum, headers, pipelines, etc.) is 
higher than that in the surrounding 
air, they give up hoat to the environ- 
ment. In general, the heat loss by 
cooling, Qs, kJ/kg, can be expressed 
by the formula: 





Q; = ge (ae -\- rp) (tou — taur) (6.23) 
where Fyw is tho exposed surface area 
of the walls and the high-temperature 
elements of the boiler, m°, a, and 
a, are the coefficients of heal trans- 
fer by convection and radiation, 
kW/(m* K), and ¢,,, and ¢,,, are respe- 
ctively, the avorago temperature of the 


6.2. Analysis of Heat Losses 


Fig. 6.7. Heat losses due to external 
cooling 
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Doiler surfaces and the surrounding air, 
C. 

The heat loss by cooling is the hig- 
her, the higher the external tempera- 
ture of the lining and heat insulation 
of the boiler. The external surfaces of 
boilers and boiler elemonts should be 
properly heat-insulaled so that ty, is 
not higher than 55°C. In rough calcu- 
lalions, the heat flux from the boiler 
surfaces to the surroundings is taken 
al an average level g,,; = 200-300 
W/m’. For boilers with a different po- 
wer rating, the absolute heat loss to 
the surroundings, Q,, is delermined by 
the ratio F,,,/B,. With increasing boi- 
ler power, the absolute heat loss Q,, 
kJ/kg, and the relative loss q,, %, 
become lower, because the total heat 
release and the volume of combustion 
products increase more quickly than 
the nrea of exposed boiler surfaces 
(Fig. 6.7). 

As is seen from Fig. 6.7, the heat 
loss item q; for high-capacity boilers 
is not high. It is commonly assumed 
{hat these losses are proportional to 
the heal absorbed by cach heating 
surface of the boiler and are accounted 
for by what is called the heat reten- 
lion coefficient: 


qa 
Not 


In this formula. the ratio g./(, + 
+ qs) characterizes the relative heat 
loss to the outside. 

In boilers of a lower capacity, the 
absolute heat loss through enclosing 
walls remains virtually unchanged, 





p=1— (6.24) 


Rated steam output 
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and therefore, the relative heat loss 
increases: 
Dr; g 
g=% -p (6.25) 
where the subscript (superscript) ‘r’ 
relates Lo rated values. Heat losses q, 
at D < D, are shown by dotted lines 
in Fig. 0.7. 

Heat loss with physical heat of slag. 
The slag removed from the bottom of 
a boiler furnace has a rather high 
lempcralture, and therefore, possesses 
a certain quantity of heat which is 
transferred to cooling water in the 
slag bath and is lost irreversibly. This 
constitutes the heat loss with the phy- 
sical heat of slag, Qa. The relative 
loss, gg, can be found by the formu- 
la (%): 


_ Sat (ci)a AY 


= (6.26) 

av 
where a, = 1—a, is the fraction 
of the total ash that is removed as 
slag from the furnace, (ct), is the 
enthalpy of slag, kJ/kg, and A” is 
the ash content in the working mass 
of fuel. 

The heat loss gg can be determined 
graphically, as in the graph in 
Fig. 6.8, whero A” = A”/Q? is the re- 
solved ash content of fuel. The heat 
loss gg depends substantially on the 
method of slag removal from the boiler 
furnace (sce Ch. 7). In dry-botlom 
furnaces, a,; = 0.05-0.1 and the tem- 
perature of the slag is 600-700°C; in 
thal case and with a relatively low 
ash content in the fuel, gẹ is insigni- 
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ficant (Fig. 6.8). This heat loss is re- 
levant only to high-ash fuels with a 
resolved ash content A’ greater than 
2.5. In slagging-bottom furnaces, the 
temperature of flowing slag is on the 
averago t,, = 1 400-1 600°C. The fra- 
clion of ash removed through Lhe fur- 
nace bottom also increases up to a,,; = 
= 0.15-0.3 in single-shaft furnaces 
and up to as much as 0.5-0.7 in those 
wilh primary cyclone furnaces. In 
such cases, the heat loss g, should bo 
given due consideration. 

As follows {rom the analysis of heat 
losses, some heat loss items depend 
significantly and in different ways on 
the excess air ratio (qe, Qs, g4). It is 
therefore essential to establish the 
oplimal excess air ratio for a furnace 
which will minimize the total heat 
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Fig. 6.8. Heat losses with physical heat 
of removed slags 


losses. In this case. the heat loss q} 
is related to the excess air ratio in 
the furnace, œs, assuming that inleak- 
ages in the flue ducts are constant: 
Z Aq, = constant. Figure 6.9a shows 
a typical curvo of heat losses g, + 
+43 =f (as) in the combustion of 
natural gas and fuel oil when the heat 
loss q4 can be neglected. As we can 
see, the optimal excess air ratio in 
the furnace turns oul to be close to 
@er and is always slightly lower than 
Ge, since the curve g, = f (a) is steep- 
er in tho zone near Qer. 

In the combustion of solid fuels 
(Fig. 6.96), the heat losses q, and gy 
have a vital effect on the optimal 
excess air ratio. In that case, ap; is 
somewhat smaller than the value a 
corresponding to the minimum of q4- 





Fig. 6.9. Delermination of the opti- 
mal excess air ratio in the furnace by 
the minimum of heat losses 


(a) combustion of natural gas and fuel oil; 
(b) combustion of solid fuel 
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PULVERIZED COAL-FIRED FURNACES 


7.1. Principal Characteristics 
of Chamber Furnaces | 


In the furnace the chomical energy 
of fuel is converted into the heat of 
combustion products as tho pulveri- 
zed fuol (coal dust) is burned in sus- 
pension in the furnace space. Com- 
bustion products give up part of their 
heat by radiation to water walls. Thus 
they leave the furnace at a safe tem- 
perature which will not cause clinke- 
ring of the subsequent convective hea- 
ting surfaces. 

A furnace can be charucterized geo- 
metrically by its linear dimensions: 
front width a, depth b, and hoight ky 
(Fig. 7.1) which are calculated accor- 
ding to the rated fuel consumption 
and the thermal and physico-chemical 
characteristics of the fuol to be used. 





Fig. 7.1. Main dimensions of furnace 


The product f; = ab, m?, is the cross- 
sectional area of a furnace through 
which hot furnace gases pass at a ra- 
ther high speed (7-12 m/s). An enor- 
mous quantity of heat is released in a 
furnace at the level of tho burners, 
and the tomperature of gases in it 
increases substantially. 

The principal thermal characteristic 
of steam boiler furnaces is what is 
called the heat power of furnace, kW: 


Q; = BR? (7.1) 


i.e. the quantily of heat released in 
the furnace at the rated consumption 
B, kg/s, of fuel with the heating va- 
lue Q7, kJ/kg. Relating the total heat 
release in the combustion zone of a 
furnace to its cross-sectional area, we 
obtain another important characteri- 
stic called the heat release rate per unit 
furnace area: 


q; = Qll; (7.2a) 


The highest allowable value of g; is 
assigned depending on the kind of 
fuoì and tho arrangement and type of 
burners used. This value may range 
from 3 500 kW/m? for clinkering coals 
and brown coals up to 6 400 kW/m?. 
An increase of g; results in an increase 
in the flow rates and temperatures of 
gases in the furnaco as well as heal 
absorption by the furnace water walls. 

If the burners are arranged in a 
number of tiers, the furnace can also 
he characterized by the heat release 
rale per burner tier: 


qi = Oil; (7.2b) 


where Q; is the heat released by all 
tho burners of a tior, kW. 

For various fuels, g. may range 
from 1200 kW/m? to 2 300 kW/m?. 
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An increase of q; and q} above their 
limiting valuos can result in intensive 
clinkering of the walter walls, espe- 
cially in tho burner zone, and in a 
dangerous riso in temperature of the 
tubes’ metal. The rated value q" is 
taken to be slightly lower than the 
highest allowable limit. When the heat 
power of a furnace is known [from 
formula (7.1)], the required cross-sec- 
tional area of tho furnace chamber 
can be determined as: 

ty = Qila (7.3) 

The depth b of a furnace is chosen in 
the range of G6 to 10.5 m so as to pro- 
perly arrange the burners (see Sec. 7.2) 
on the furnace walls and ensure free 
development of the flame in the fur- 
nace space such that the high-tompc- 
rature flame tongues do not Louch the 
water walls. The depth of the furnace 
is increased up to 8-10.5 m when using 
more powerful burners with larger 
ports arranged in several tiers (two or 
three) on the furnace walls. 

The front width of the furnace a is 
equal Lo 9.5-31 m depending on the 
kind of fuel and the thermal power 
(steaming capacity) of the boiler and 
can be calculated from the known va- 
lues of f; and b. As the boiler capaci- 
ty increases, so docs a although not 
in direct proportion. This characteri- 
zes an increase of the heat release rate 
and gas flow rate in higher capacily 
boilers, The front width of the furnace 
can be found from the formula: 


a=0.67 V D (7.4) 


where D is the steaming capacity of 
the boiler, t/h. 

The height h; of the furnace is ta- 
ken to be in the range of 15 to 65 m 
to ensure virtually complete combus- 
tion of the fucl along the flame length 
within the furnace and allow space for 
arranging the water walls on the fur- 
nace walls to cool the combustion pro- 
ducls to the specified temperature. The 
furnace height required to ensure 
complete fucl combustion can be 
found from the formula: 


com a 
Hp = We pe 
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Fig. 7.2. Correlation belween the heat re- 
lease rate per unil furnace volume and the 
time of presence of gases in furnace 


where wg is the average velocity of 
gases in the furnace cross section, 
m/s, and tp, is the time a unit volu- 
me of gas is present in the furnace, s. 

It is essential that the time tp, be 
much larger than Teom, the time for 
complete combustion of the largest 
fractions of fuel (see Sec. 4.2). 

The thermal conditions in the vo- 
lume of a furnace can be characteri- 
zed by what is called the allowable 
heat release rate, or energy release ra- 
te, per unit volume kW/m‘: 


qv = Q;/ V; = BQPIV, 


where V, is the furnace volume, m°. 

The values of allowable heat release 
rate per unit volume are standardized. 
They may range from 120 kW/m" for 
coal-fired dry-bottom furnaces to 
210 kW/m" for slagging-bolttom furna- 
ces. The magnitude of gy determines 
the average Lime the gases are pre- 
sent in the furnace space. With an 
increase in qy, the time of gas pre- 
sence in the furnace decreases (Fig. 7.2). 
The highest allowable value of qy 
corresponds to the equality tp, = 
Teom: Which also determines the lo- 


west allowable volume of a furnace 
ymin, 


(7.6) 


i 

As indicated earlier, water walls in 
a furnace should cool the combustion 
products to the specified temperature 
at their exit from the furnace space, 
07, which is achieved by properly se- 
lecling the dimensions of water walls, 
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Fig. 7.3. Diagrams of furnaces 
with (a) one and (b) two platens: 
J—water walla; ?—platens 
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and consequently, the volume of tho 
furnace. 

To this end, it is reasonable to 
compare the minimal volume of a 


furnace VP" as found from the con- 
dition of coaapilete combustion of fuel 
with its value Vf as determined by 
the condilions of cooling of the gases 
to the specified tomperature @;. As a 
rule, V$ > Vi" for all solid fuels, 
and therefore, the furnace height 
should be delermined by the conditi- 
ons of gas cooling lo the specified 
temperature 0j. In many cases, the 
required furnace height as found by 
calculations substantially exceeds the 
minimum value obtained from its 


volume Vj"" (especially with coals 
that have an elevated value of exter- 
nal ballast), resulting in an excessi- 
vely high boiler mass which in turn 
substantially increases expenses. On 
the other hand, as the steaming capa- 
cily of boiler increases, the furnace 
volume increases relalively more sub- 
stantially than the surface area of the 
waler walls. Therefore, the unit sur- 
face area of cooling surfaces per m? 
of furnace volume becomes lower, 
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(b) 


which explains why an increase in 
boiler capacily involves an increase 
in the temperature 67. 


The cooling surface area of a boiler 
can be increased wilhout changing the 
furnace dimensions by arranging cur- 
tain walls, or platens (Fig. 7.3) — 
additional tube walls mounted in the 
furnace space and dividing this into 
two or more sections. In high-capacity 
boilers with a large width of furnace, 
the lalter can be divided by platens 
into nearly rectangular sections, which 
facilitates fuel combustion and pro- 
duces a more uniform field of gas 
temperatures and heat release rales 
on the water walls. In contrast to 
conventional water walls on the sides 
of a furnace, a curtain wall is heated 
intensively from both sides and is 
characterized by a higher heat release 
rate, which necessitates more careful 
cooling of the tube metal. 


The arrangement of curtain walls 
can noticeably reduce the height and 
volume of the furnace, bringing both 
closer to the minimal allowable valu- 
es. Comparable characteristics, with 
and without a platen, for a 300-MW 
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monobloc boiler plant operating on 
anthracite at the rated furnace tompo- 
rature 0; = 1 150°C are given in Tab- 
le 7.4. 


Table 7.1. Effect of Platen on Boiler 
Furnace Characteristics 











Characteristic wi thau : votes 
Minimal furnace vo- | 5190 5 190 
lume ymin, m? 

Furnace volume do- | 8478 6016 
signed by 

cooling couditions, 

vo, m’ 
vein ratio 1.63 1.16 
Designed furnace | 48.0 36.2 


height, &;, m 





To obtain the best ratio between the 
radiant and convective heat transfer 
in boiler surfaces, it is advisable to 
maintain the temperature of furnace 
gases al the furnace outlet near 
1 250°C. For most solid fuels, howe- 
ver, this is not possible since the gas 
temperature at the outlet from the 
furnace space to convective heating 
surfaces must not exceed the softe- 
ning temperature of ash, ¢, (see Sec. 
2.4.). With curtain walls at the fur- 
nace outlet, the temperature @; is 
usually taken to be in the rango of 
1 100-1 200°C and for some clinkering 
fuels, even in the lower range of 
4 000-1 050°C. 


7.2. Burners and Their Arrangement 


The desired intensity and complete- 
ness of pulverized fuel combustion in 
the furnace space can be achieved 
through the proper supply and inter- 
mixing of pulverized fucl (air-borne 
dust) with secondary air in a burner 
assembly (called simply ‘burner’ in 
further discussion), Burners do not 
ignite the fuel. Their function is to 
prepare two individual flows, a dust- 
air mixture and secondary air, for 
ignition and active burning in tho 
furnace space. To achieve this, part 


of the hot furnace gases should bo 
sucked into the fresh dust-air jet to 
preheat it and the ignited fuel should 
be intermixed in due time with the 
secondary air. For this purpose, hot-air 
and dust-air flows are introduced into 
the furnaco space at different speeds 
and with different degrees of turbuli- 
zation. 

There are two main types of burner: 
the straight-flow burner and the turbu- 
lent, or vorter, burner. In a vortex 
burner, dust-air mixture and secon- 
dary air arc fed as whirled (turbulized) 
jets which form a cone-shaped expand- 
ing flame in the furnace space (seo 
Fig. 4.10). Vortex burners have a cir- 
cular cross section. In straight-flow 
burners, the air-dust mixture and se- 
condary air are blown in as parallel 
jets. Thoir intermixing in the furnace 
space is ensured mainly by an appro- 
priate arrangement of burners on the 
furnace walls and by providing a 
particular aerodynamic pattern of jets 
in the furnace space. Burners of this 
type may bo either circular or rectan- 
gular in cross section. 

Turbulent burners. The main types 
of turbulent burners are as follows: 
(a) two-scroll burners (Fig. 7.4a) in 
which two scrolls are provided for 
whirling the dust-air mixture and 
secondary air; (b) straight-scroll (sin- 
gle-scroll) burners (Fig. 7.4b) in which 
the dust-air mixture is supplied in a 
straight flow and spread by a disse- 
ctor and the secondary air is whirled 
in a scroll; (c) scroll-vane burners 
(Fig. 7.4c) with a scroll for the dust-air 
mixture and an axial vane-type whir- 
ler for the secondary air; and (d) vano- 
type burnors in which the whirling of 
the dust-air mixture and the secon- 
dary air is effected by axial and lan- 
gential vanes. 

Turbulent burners have a through- 
put capacity ranging from 1 kg to 
3.8 kg reference fuel per second, with 
their heat power ranging respectively 
from 25 MW to 100 MW. Two-scroll 
and scroll-vane burners are more po- 
pular, the latter being made for a 
high heat power (75-100 MW). Tho 
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Fig. 7.4. Types of turbulent pulverized-coal burners 
(a) two-scroll burner; (b) stralght-scroll burner; (c) scroll-vane burner; I—scroll for fuel-alr mixture, 1’°— 
fuel-alr mixture inlet pipe; 2—secondary alr scroll; 2’—secondary alr Inlet duct; s—annular channel for 


discharging the fuel-alr mixture into the furnace: 


4—ditlo, for secondary alr; 5—main fuel oil bummer, 3°’— 
firing fucl oll burner, 6—dissector at fucl-alr mixture outlet; 7 


—swirl vanes for secondary air; s—admisston 


of temary air through axial channel; 9—diasector adjustment control, 10—swirler of axial air flow, 11— 
furnace lining; AS—boundary of fuel-alr mixture ignition; C—suction of furnace gases Lo flame root 


principal aerodynamic characteristic 
of a burner is the vorticity parameter n 
(see Sec. 4.4). It ranges from 1.5 to 5, 
the greater values (n = 3.5-5) rela- 
ting to the whirling of the secondary 
air flow. 

Burners with a higher vorticity pa- 
rameter give a wider jet with a larger 
angle of expansion and with a larger 
zone for recirculation of the hot gases 
to the flame root, which ensures qui- 
cker fuel preheating and ignition. 
Burners with an elevated value of n are 
employed for the combustion of low- 
reactive poorly ignitable fuels (with a 
relatively low yield of volatiles). In 
vane-type burners, tilling vanes are 
sometimes employed, making it pos- 
sible to control burner aerodynamics. 

Among various types of whirlers, 
profiled vanes have the least resistan- 
co for the same vorticity parameter and 
for that reason are employed widoly in 
powerful burners for whirling the dust- 
air mixture and the sccondary air. Bur- 
ners with dissectors (of the typo of 
Fig. 7.4b) have a lower vorticily para- 
meter n and produce a less expanding 
jet; they are used in some cases with 
fuels with a high yield of volatiles, 
but the dissector may not function 
reliably under the action of an inten- 
sive radiant heat flow. 


G—01524 


The completeness of fuel burning 
heavily depends on the ratio of the 
axial velocities of the primary and se- 
condary air flows in a burner. The 
velocily of the primary flow (dust-air 
mixture) is usually w, = 16-25 m/s, 
higher values being typical of power- 
ful burners. The optimal velocity of 
secondary air is w, = (1.3-4.4) w,. 

Turbulent burners can be used 
with any kind of solid fuel, but are 
used more widely for low-volatile gra- 
des. Burners of elovated heat power 
are provided with two controlled co- 
axial channels for secondary air (see 
Fig. 7.4c), which make it possible to 
maintain the required air velocities at 
reduced loads: at loads less than 70% 
of the rated value, the peripheral chan- 
nel is closed. 

Straight-flow burners. Burners of 
this type turbulize the air flows less 
substantially than do turbulent bur- 
ners and produce a long-ranging jet 
with a low expansion angle and weak 
intermixing of tho primary and secon- 
dary flow. Efficiont combustion is 
achieved by making the jets from va- 
rious burners interact with one another 
in the furnace spaco. Straight-flow 
burners may be cither fixed or til- 
table which facilitates combustion con- 
trol (Fig. 7.52). Burners of rectangu- 
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lar shape, especially those extended 
along the height, are characterized by 
a high injection of the surrounding ga- 
seous medium into the jet sides. For 
that reason, such burners with the ex- 
ternal mixing of dust-air flow (Fig. 
7.5b) possess cerlain advantages over 
those with internal mixing, particu- 
larly in that they ensure easier igni- 
tion. Straight-flow burners are, as a 
rule, of a relatively low throughput 
capacily; in high-capacity boilers, a 
number of such burners are combined 





Fig. 7.6. An assembly of three straight-flow 
pulverized-coal burners 
?—supply of fuel-air mixture to bummer; 2—secon- 
dary alr supply to burner: 3—pipe for mounting 
the firing fuel-oil burner with electric gas igniter, 
4— lilting alr pipe 


Fig. 7.5. Stmight-flow burners for 
pulverized coal 


(a) wiih Ulling nozzle at the exitof fuel-air 
mixture; (b) with central channel for hot 


air; 1— supply of fuel-nir mixture; 2— 
supply of hot alr; a—fuel-air mixture oul- 
let; ¢—hot nir outlet; s—suction of fur- 


nace gases 


in a burner assembly (Fig. 7.6). 
Straight-flow burners are mainly emp- 
loyed with high-reactive fuels: brown 
coals, peat, oil shales and high-vola- 
tile coals. The velocity of the dust-air 
mixture at the burner outlet is taken 
as w, = 20-28 m/s and the optimal 
velocity of secondary air, w. = 1.5- 
1.7 of w,. 

Combined burners. In some cases, 
power stations have to operate, simul- 
taneously or alternately, on a variety 
of fuels, and must employ combined 
burners which can efficiently burn 
each kind of fuel. As an example, 
Fig. 7.7 shows a combined burner in 
a high-capacity steam boiler which 
can operate on three kinds of fuel: 
solid (basic), fuel oil and natural gas. 
The burner has an enlarged diameter 
in the central channel in which the 
main fuel oil burner and a whirling 
device for turbulizing the axial air 
flow are arranged. Natural gas is fed 
through feeder tubes in thin jets into 
the space between the turbulized axial 
and secondary air flows ensuring tho- 
rough intermixing and stable burning 
of fuel. 

Burner arrangement. Burners are 
arranged on the walls of a furnace so 
as to ensure as complete fuel combus- 
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Fig. 7.7. Schematic of a buruer for 
three kinds of fuel 


Numbering as in Fig. 7.4; additionally: 

JS—annular duct for natural gas; I4-- pipes 

for adinfitting natural gas to burner, arran- 

eed around the primary alr channel 3; 15— 

natural gas to furnace; 1—electric gas 
igniter 


tion in the flame core as possible, pro- 
vide favourable conditions for the re- 
moval of slag from the furnace (in 
either dry or molton state), and avoid 
clinkering of the furnaco walls. The 
optimal arrangement of burners is 
found by properly considcring their 
type and characteristics. For instance, 
turbulent burners give a shorter and 
wider flame than do the straight-flow 
type. The primary and secondary air 
flows are intensively intermixed due to 
the energy of turbulent motion, which 
ensures a thorough burning-off of fuel 
in the flame core (up to 90-95%). 
The main parameter of turbulent 
burners is the diameter of their port, or 
embrasure, Dp. Burners are arranged 


ate 
at 


Fig. 7.8. Arrangement of pulverized-coal 
turbulent burners on furnace walls 
(a) front arrangement; (b) double-front (opposite) 
arrangement; {e) OpRoA le arrangemeni aon side 
walls 





(5) 
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at a distance of (2.2-3) Dp from one 
another and at a distance of (1.6-2) D, 
from the side walls of the furnace, 
which helps to prevent the flames 
from interacting prematurely and 
touching the walls [57]. 

Some typical arrangements of tur- 
bulent pulverized-coal burners in the 
furnace are illustrated in Fig. 7.8. The 
front and double-front arrangements 
(Fig. 7.84 and b) may have one or two 
rows (tiers) of burners along the 
height. With a single-front arrange- 
ment, the rear water wall of the fur- 
nace has an elevated heat absorption 
(10-20% above the average value), so 
that. the furnace depth (in a dry-bot- 
tom furnace) must be not less than 
b = (6-7) Dp in order to keep the rear 
wall from clinkering. The opposite 
double-front arrangement of burners is 
typical of high-capacity steam boilers 
where the required number of burners 
cannot be arranged on a single front 
wall even in two tiers. 

With tho opposite arrangement of 
burners, heat absorption by water 
walls in a furnace is much more uni- 
form. The opposite burner arrange» 
ment is omployed primarily in slag- 
ging-bottom furnaces, since colliding 
flames are deflected both upwards and 
downwards and thus can maintain a 
high temperature level at the furnace 
bottom. Efficient interaction of oppo- 
site flames is achieved if the furnace 
width is b -- (5-6)D). In low-capacity 
boilers, burners are usually arranged 
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Fig. 7.9. Arrangement of straight-flow pul- 
verized-coal burners on furnace walls 


{a) opposite displaced arrangement; (b) corner 

arrangement with encountering jets (block arrange- 

ment); (e) comer arrangement with tangential 
Jets (Langentin| arrangement) 


opposite each other in a single tier on 
the side walls of the furnace (Fig. 7.8c); 
the depth of the furnace is then deter- 
mined only by their arrangement. In 
this scheme, an elevated temperature 
of gases is obtained in the middle 
portion of the furnace across its width. 
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Typical arrangements of straight- 
flow burners are illustrated in Fig. 7.9. 
Burners of this type can ensure comp- 
lete combustion of fuel only by the 
turbulization of the flames from indi- 
vidual burners upon their collision in 
the furnaco space. All the arrangements 
shown in tho figure are widely emplo- 
yed for the combustion of peat, brown 
coals and young coals. 

In the burner arrangement with 
opposite displaced jets, developed at 
the Moscow power engineering insti- 
tute, peat and brown coal can be offe- 
clively burned as a result of the in- 
tensive turbulization of the flame in 
the main combustion zone. This is 
achieved by forming a large velocity 
gradient between adjacent jets moving 
in opposite directions. 

A burner arrangement with corner 
burners and flame jets directed tan- 
gentially to an imaginary circle 1-2.5 m 
in diameter in the furnace centre 
(Fig. 7.9c) has found wide application 
in many types of steam boilers, inc- 
luding high-capacity units (Fig. 7.10). 
This arrangement is advantageously 
charactorized by the uniform distribu- 
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Fig. 7.10. Arrangement of straight-flow Yburners in the furnace of P-67 boiler of 800-M W 
monobloc unit fired with Berezovo brown coal ` 


4-——front wall 
mixture channel, 


of furnace; 2- 
3—firtug fuel-oil burner; 6 


straight-flow hurner port; 
head of fuel-oil burner; 7— temperature compensator 


3—hot (secondary) alr ducl; 4¢—fuel-afi 
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tion of heat flows between the furnace 
walls and by the Jow probability of 
clinkering of the walls since they are 
in contact with furnace gases which 
have already been cooled appreciably. 
When applied in slagging-boltom fur- 
naces, this arrangement causes mollen 
slag droplets to settle on tho walls of 
the primary furnace and thus increa- 
a the fraction of ash transferred to 
slag. 

An arrangement with corner burners 
and encountering jets (block arrange- 
ment, Fig. 7.9b) is employed for coal 
combustion. In this arrangement, the 
flame core is highly turbulized. Its 
drawback is the likelihood of clinke- 
ring of the front and rear furnace walls 
if the flame moves from the furnace 
cenlre (the zone of relatively high 
pressure) to both sido walls. 

A tangential burner arrangement 
can be employed in furnaces with a 
nearly square cross section, i.e. with 
the a/b ratio equal to 1-1.2. This en- 
sures good aerodynamics in the fur- 
nace space. 


7.3. Dry-bottom Furnaces 


Dry-bottom furnaces, i.e. those in 
which slag is removed in the solid 
stale, are mostly of the open type— 
with a constant cross section along 
their height. Their design is deler- 
mined by the flame's pattern of mo- 
tion which can be straight, vertically 
turbulized or horizontally turbulized 
(Fig. 7.14). Dry-bottom furnaces are 
characterized by the provision of a 
dry-bottom hopper which is formed in 
the lower portion of the furnace by 
inclining the front and rear waler 
walls at an angle of 50-60° so that the 
distance between them decreases at the 


Fig. 7.41. Patterns of flame motion 
in dry-bottom furnaces 
(a) straight-flow S-shaped flame; (t) opposite 
straight-flow flame; (c) vertically turbu- 
Maced flume; (d) combination of straight- 
flow and horizontally turbullzed flame 





Fig. 7.12. Dry-boltom furnace 
J—dry bottom hopper, 2--slag bath with water; 


3—hydraulic ash disposal channel, <— burner; 
5—water walls; ¢—flame core; 7—slag-removing 
screw mehanlsm; &—electric motor 


botlom to 6’ = t-1.2 m. The dry- 
bottom hopper intensively cools the 
furnace gases in the furnace bottom, 
so that molten slag particles which en- 
ter this zone are cooled quickly, soli- 
dify, and fall along the hopper sides 
into a slag pil (Fig. 7.12). The quan- 
tity of ash collected in this way in the 
dry-bottom hopper is not high, usual- 
ly 5-40% of the total ash content of 
the fuel. Granulated slag particles are 
continuously removed from the bath 
by a screw, paddle or rotor device. 
The water bath also serves as the 
hydraulic seal preventing the suction 
of cold air from boneath into the fur- 
nace. The acrodynamics of the furnace 
space should be such that the gas 
temperature near the water walls be 
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below the tomperature ¢, (see Sec. 2.3) 
at which ash particles become sticky 
and can cause clinkering of the waler 
walls. For this reason, the average heat 
release rates (per m? of furnace cross 
section and per m? of furnace volume) 
of dry-bottom furnaces are ee nol 
high (q; = 3-4 MW/in?, = 100- 
140 kW/m?). This inovitanly. resulta in 
large dimensions of dry-bottom furna- 
ces, and therefore, a high consumption 
of metal. 

For instance, the furnace of a once- 
through boiler type P-59 of a 300-MW 
monobloc unit, when designed for the 
combustion of Moscow district brown 
coal with the straight-flow flame as 
shown in Fig. 7.11), has the dimen- 
sions a XxX bX h= 218 mx 
x 9.56 m x 48 m. 

Dry-bottom furnaces are usually 
employed for the combustion of pul- 
verized solid fuels with a high or mo- 
derate yicld of volatiles (V° > 25%). 

The most popular combustion sche- 
me in dry-bottom furnaces is that 
with a rising straight-flow flame 
(Fig. 7.41a and b), which is formed by 
turbulent burners arranged on the 
front wall or by straight-flow burners 
arranged on two walls (opposite ar- 
rangement). To fire high-capacity boi- 
lers on Siberian brown coals, anothor 
combustion schome is proforred (see 
Fig. 7.10) in which a vertical turbuli- 
zed flame is formed by straight-flow 
burners arranged in several tiers along 
the furnace height (see Fig. 7.9c). This 
scheme decreases the probability of the 
flame touching the furnace walls and 
the associated risk of clinkering, whi- 
le the distribution of the burners 
along the furnace height (on a length 
of up to 12 m) results in less heat re- 
leased at each Lier, thus lowering the 
temperature level in the extended fla- 
me core and noticeably diminishing 
the formation of harmful nitrogen 
oxides NO,. Furnaces with a hori- 
zontally turbulized flame, designed by 
Prof. V. V. Pomerantsev, successfully 
operate on milled peat and brown coals 
(Fig. 7.414d¢). Fine fractions of fuel 
burn up in the straight portion of tho 


flame, while the coarser particles are 
thrown to the boltom, entrained by 
the secondary air jet, and involved 
inlo vortex motion until completely 
burnt off. 

In dry-bottom furnaces, virtually 
complete combustion is achieved at 
an excess nir ratio at Lhe furnace oullet 
my = 1.15-1.20. Because of tho ine- 
vitable suction of cold air from the 
outside (Aa, = 0.05-0.1), the excess 
air ratio in burners is somewhat lower: 
a, = a — Aa, = 1.05-1.1. 


7.4. Slagging-bottom Furnaces 


To remove slag in the molten state, 
the temperature of gases at the walls 
in the lower portion of a furnace sho- 
uld be higher than the temperature of 
slag fluidity, i.e. Og > ty, where tj; = 
= t, + (50-100)°C is the temperature 
of the normal fluid state of slag. Such 
conditions at the furnace botlom can 
be provided by moving the flame core 
closer to the furnace bottom and by 
protecting the water walls in that zone 
wilh carborundum refractories (fa- 
cing of waler wall tubes). For better 
attachment of the facing, pins 10- 
12 mm in diameter and 12-15 mm 
long are first welded onto the tube 
surface on the fire side, then the re- 
fractory facing is applied (Fig. 7.13). 
In the design of heal-insulated water 





7.13. Portion of refractory-faced water 
wall 


t—water wall tube; ¢—pins before facing; 3— 
refractory facing 


Fig. 
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walls proposed at the Ordzhonikidze 
machine-building works in Podolsk, 
helically finned tubes are used instead 
of pinned tubes. 

The bottom of a slagging-bottom 
furnace is either horizontal or slightly 
inclined towards the furnace centre. 
The tubes of the bottom are covered 
by two or three courses of refractory 
bricks laid on refractory mortar. One 
or two refractory-lined holes 500 mm x 
x 800 mm (slagholes) are left in tho 
bottom centre to pour off molten slag. 
Thin jets of molton slag flow over 
the edges of the slagholes into the 
slag bath whero they solidify on con- 
tact with water. 

The fraction of the total ash removed 
to slag in slagging-bolttom furnaces is 
substantially higher than that in dry- 
bottom furnaces: a,,; = 0.2-0.4. Soli- 
dified slag is removed continuously 
from the slag bath by paddle, screw 
or rotor conveyers. 

Slagging-bottom furnaces may have 
a single shaft (open and scmi-open 
furnace) or two or three shafts. Com- 
bustion can be organized in a straight- 
flow flame, intersecting flame jets or 
by the cyclone principle. 

The simplest type of slagging-bot- 
tom furnace is a furnace with a single 
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Fig. 7.14. Slagging-bottom furnaces with 
straight-flow flame 


(a) stralght-wall (open-shaft) furnace; (b) constric- 
ted-section furnace 





Fig. 7.15. Turbulent furnaces with inter- 
secling jets 


{a) designed at the Moscow power engineerin 

instilute; (b) designed at the Central boiler an 

turbine Institute; (c0) gamima-furnace, dealgned 
at the All-Union heat engineering institute 


shaft and straight-flow flame (Fig. 
7.14a). Tho lower portion of the water 
walls and the furnace bottom are 
refractory-faced to form a zone of ele- 
vated gas temperature (slag-melting 
zone). In that case, turbulent burners 
are employed and arranged at a lower 
height above the bottom. Since, ho- 
wever, much heat is given up to the 
upper zone, the furnace has limited 
possibilities for combustion control: 
at loads below 0.7-0.8 of the raled 
value, slag may start solidifying, 
first on the walls and then on the 
bottom. Also, the fraction of total ash 
removod to slag in an open-typo fur- 
nace is nol high: a,, = 0.1-0.15. 

Constructing two opposite walls in 
a furnace ensures the isolation of a 
combustion chamber, or primary fur- 
naco within that furnace (Fig. 7.140). 
This substantially reduces the heal 
transfer into the upper zone, making 
it possible to appreciably raise tho 
temperature of gases in the primary 
furnace (up to 1 600-1 800°C). Tho 
heat release rate in the primary fur- 
nace may be as high as gf’ = 500- 
800 kW/m?, and the fraction of total 
ash removed to slag: a,, = 0.2-0.4. 
Tho boiler can operate in a wider ran- 
go of loads with slags being removed 
in the molten stale. 

In a furnace with intersecting flame 
jets (Fig. 7.15), the primary furnace is 
isolated by constructing one or two 
walls. Straight-flow burners are arran- 
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Pulverized fuel and 
primary air 


ged so as to turbulize the flame around 
a horizontal axis. The flame makes a 
full turn in the zone of refractory- 
faced water walls, after which hot 
gases pass in inlerspaces between the 
burners, intersect the jets of fresh 
dust-air mixture and thus ensure their 
quick heating and stable burning. The 
organized motion of gases along the 
walls and bottom of the furnace pro- 
vides favourable conditions for the 
stable removal of molten slag even at 
boiler loads 40-50% of the rated va- 
lue. The heat release rate of the pri- 
mary furnace is 500-600 kW/m°. 

A more efficient separation between 
the zones of combustion and gas coo- 
ling is attained in furnaces provided 
with cyclone-type primary furnaces 
(Fig. 7.16). These furnaces may be 
classed with two-shaft furnaces. The 
cyclone method of combustion con- 
sists essentially in the flame in the 
primary furnace being whirled by 
either tangential high-speed jets of 
secondary air (80-120 m/s) or tangen- 
tial dust-air jets from burners (see 
Fig. 3.1). The entire surface of the 
primary furnace is covercd by water 
walls made from refractory-faced pin- 
ned tubes. Fuel particles in the pri- 
mary furnace are acted upon by two 
forces: the centrifugal force which 
throws them onto the walls of the 
primary furnace and the aerodynamic 
force which tends to carry off fuel 
particles and gases from the primary 





Fig. 7.16. Cyclone furnaces 


(a) furnace with horizontal cyclone-type 

primary furnace, (b) bottom-lype primary 

furnace open at the top; 2—primary fur- 

nace (cyclone); 2— slag-catching tube bun- 

dle; 3—cooling chamber; ¢---burmer, 5— 

secondary alr nozzica; 6—slng-hole; 7— 
slag bath 


furnace. The ratio of these forces de- 
pends on particle size, because of which 
fuel particles are unevenly distributed 
in the primary furnace: coarser parti- 
cles are thrown against the walls and 
become involved in the vortex motion 
until they burn off completely, while 
finer fractions burn in the centre. 
A cyclone-type primary furnace can 
operate on coarse pulverized fuel and 
in some cases (horizontal cyclones), 
on crushed fuel, which can thus redu- 
ce the cost of fuel pulverization. In- 
tensive vortex motion also ensures 
that a large fraction of ash be remo- 
ved to slag (a,,; up to 0.6-0.85), the 
greater value relating to horizontal 
cyclone-type primary furnaces. 

Horizontal cyclone-type primary 
furnaces (Fig. 7.162) are made to a 
diameter of 1.8-4 m. The length of 
the cyclone is 1.2-1.3 times its diame- 
ter. The heat power of a cyclone may 
be as high as 150-400 MW. The heat 
release rate in cyclones is rather high 
(qy = 2-6 MW/m’) at the gas lempe- 
rature 4 800-1 900°C and excess air ra- 
tio a, = 1.05-1.1. Since, however, an 
extended shaft is needed to cool the 
gases, the total heat release rate of 
furnaces with horizontal cyclones does 
not excced 200-300 kW/m, i.e. it is 
only slightly higher than that of the 
conventional single-shaft slagging-hot- 
tom furnaces. 

High speeds of the secondary air are 
attained by using special-type blo- 
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wers which can develop a head of 10- 
20 kPa (1 000-2 000 mm H,0), i.o. 
2-3 times the common air head. The 
design of furnaces with cyclone-type 
primary furnaces is more intricate than 
that of conventional single-shaft fur- 
naces and their cost is correspondingly 
higher. 

In the slagging-bottom furnace de- 
sign developed at the Barnaul boiler 
works, a vortical primary furnace in 
which gases exit from the top is ar- 
ranged below the cooling chamber 
(Fig. 7.16b). The primary furnace is 
octahedral in shape and is assembled 
from plane water walls connected to 
the circulation circuit of the water 
walls of the main furnace. This fur- 
nace design is much less expensive to 
implement than that with a horizon- 
tal cyclone. Usually two primary fur- 
naces are provided for a single cooling 
chamber. Straight-flow slit-type bur- 
ners are arranged on the four walls 
of the primary furnace; the jets are 
directed tangentially, with the velo- 
cities of primary and secondary air 
being in the common ranges (w, — 
= 25-35 m/s, w, = 40-50 m/s). ‘All 
water walls of the primary furnace 
are rofractory-faced. 

The advantages of slagging-bottom 
furnaces over the dry-bottom type are 
essentially as follows. When burning 
the same kind of fuel, the heat loss 
with unburned carbon, g,, in a slag- 
ging-bottom furnace can be reduced 
roughly by 30%. The total heat relea- 
se rate per unil furnace volume turns 
out to be 20% higher on the average, 
which means that the slagging-bolttom 
furnace can be made smaller. Due to 
better tightening of the bottom porti- 


on, air suction into the furnace decrea- 
ses, with the result that heat loss with 
waste gases is somewhat lower. Fur- 
thermore, slagging-bolttom furnaces are 
characterized by lower expenditures 
on ash disposal. 

On the other hand, slagging-bottom 
furnaces possess certain drawbacks. 
For instance, since more ash is remo- 
ved as high-temperature slag, the heat 
loss with slags, gg, is higher and in 
many cases can overbalance the redu- 
ction in g,. In single-shaft slagging- 
bottom furnaces, the possibilities of 
boiler load control are restricted by 
the conditions of slag removal (which 
must remain liquid). A higher tempo- 
ralure levol in the flame core results 
in a higher yield of harmful nitrogen 
oxides. Therefore, the choice between 
dry-botlom and slagging-bottom fur- 
naces for a particular kind of fuel 
should be made by properly conside- 
ring all their advantages and draw- 
backs. One should also take into 
account thal not all kinds of fuel can 
be burned in slagging-bottom furna- 
ces. Those which form low-fusible ash 
(ts = 1 150-1 300°C) cause no diffi- 
cullies, while for fuels with t, > 
> 1 350°C the conditions for the for- 
mation of molten slag should be pro- 
perly calculated. 

Slagging-bottom furnaces are ad- 
vantageous for the combustion of low- 
reactive fuels (anthracite, semianthra- 
cite, lean coals), when they ensure a 
noticeable reduction of the heat loss 
with unburned carbon, and of fuels 
with a low temperature of ash fusion 
which might cause strong clinkering 
of the water walls in dry-botlom fur- 
naces. 
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GAS AND FUEL OIL-FIRED FURNACES 


8.1. Furnace Design 


Tho conditions of combustion of na- 
tural gas and fuel oil have much in 
common, and therefore, both fuels can 
be burned in furnaces of the same de- 
sign. In most cases, such furnaces are 
designed primarily for fuel oil with 
natural gas as the auxiliary fuel. The 
combustion characteristics of fuel oil 
and natural gas are similar in the fol- 
lowing respects: 

1. Both fuels contain practically no 
adventitious moisture and form rough- 
ly the same volumes of combustion 
products; therefore, the blowers of a 
steam boiler can efficiently operate 
irrespective of whether fuel oil or na- 
tural gas is being burned in the boiler 
furnace. 

2. Burning of fuel oil and natural 
gas occurs in the vaporized state (ho- 
mogeneous medium) following the laws 
of branched chain reactions (sec Sec. 
4.2). The intensity of burning in both 
cases is determined by the conditions 
of intermixing, and the highest allo- 
wable heat release rates of the furnace 
volume are rather close to each other 


| (a) 


(5) (c) 


i 


(300 kW/m? for fuel oil and 350 kW/m? 
for natural gas). Thus, for the same 
steam oulput of a boilor, the furnace 
dimensions for these two kinds of fuel 
can be taken to be practically the 
same. 

3. Both fuels form almost no ash on 
combustion (the ash content of fuel 
oil Af is less than 0.3%), which avoids 
clinkering of the water walls in the 
furnace and makes slag-handling fa- 
cilities unnecessary. In view of this, 
furnaces for both fuels are made with 
a horizontal or slightly inclined bot- 
tom, wilh man-holes provided for re- 
pairs (Fig. 8.1). 

4. Since the fuel is in the gaseous 
(or vaporized) state, it can be more 
easily intermixed with air, which en- 
sures virtually complete combustion 
al a high heat release rate and low 
excess air ratio a, = 1.02-1.05. For 
both fuels, air can be preheated to 
the same temperature (tha = 250- 
300°C), which makes it possible to 
employ combined gas-fuel- oil burners 
with close values of the volume flow 
rate of air and almost the same resis- 
tance. 





Fig. 8.1. Types of fuel oil-fired furnaces 
(a) open-type furnace with single-front multi-tier arrangement of bumers; (b) furnace with constriction 
and opposite (double-front) burner arrangement, (c) open-type furnace with opposlic double-tier burner 
arrangement; (d) furnace with opposite cyclone primary furnaces; (e) furnace with straight-flow or turbu- 


lent boltom 


umers (dotted lines) 
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With intensive burning, both fuels 
form a relatively short flame core zo- 
ne near the burners. In fuel oil com- 
bustion, this zone is characterized by 
a rather high temperature level and 
an extremely intense heat flux radia- 
ted onto the water walls. ‘This may 
load lo the overheating of the Lube 
metal and the appearance of high- 
temperature corrosion, resulting in a 
high concentration of nitrogon oxides 
in the flame core. = 

In the vertical section, gas and 
fuel oil furnaces may be open, with 
restriclion or with cyclone primary 
furnaces (Fig. 8.1). Most industrially 
made gas and fuel oil-fired boilers are 
provided with conventional furnaces 
of prismatic shape with a single-front 
or double-front (opposite) arrangement 
of burners. In the single-front arran- 
gement, burners are mounted in seve- 
ral (three or four) tiers. This arrange- 
ment is less expensive and more con- 
venient in operalion, but cannol ensu- 
re uniform filling of the furnace space 
by the flame and is inapplicable in 
furnaces of a short depth (less than 
© m), since the temperature and heat 
absorption of the rear water wall wo- 
uld then increase intolerably. 

In an opposite arrangement of bur- 
ners, the water walls of the furnace 
operate under more favourable con- 
ditions. The flame is concentrated in 
the central high-temporature zone of 
the furnace space. Tho opposite mo- 
tion of the flames creates unfavou- 
cable conditions for turbulization and 
better fuel burn-up in the tail por- 
tions of the flames and, under identi- 
cal conditions, results in an increase 
in the heat release rate in the flame 
core zone by 20-30%. A constriction 
in the furnace can increase flow tur- 
bulization in the flame core zone and 
in the zone where fuel afterburning 
occurs at the outlet from tho combu- 
stion chamber. 

In an experimental series of steam 
boilers for 300-MW monobloc units, 
a new proposal is to organize combus- 
tion in opposite cyclone-type primary 
furnaces in order to decrease the inten- 


sily of heat flows onto the furnace 
water walls (Fig. 8.4d). The high 
turbulization of flow in the cyclone 
primary furnace enables 85-90% of 
the fuel to be burned. Cyclone prima- 
ry furnaces are covered with pin- 
finned tubes with carborundum ro- 
fractory facing. This design, howover, 
leads to a highor temperature of the 
flame and higher heat flow onto the 
water walls, making it not the best 
solution for some kinds of fuel. 

Gaseous fucls are known to produce 
flames of a lower emissivily than fuel 
oil, so that when a boiler is changed 
from fuel oil to natural gas firing, 
heat absorption by the furnace space 
decreases, while the temperature of 
combustion products at the outlet 
from the furnace becomes higher. In 
open furnaces at the rated load, this 
temperature difference may be as high 
as 100 deg C, which inevitably changes 
the temperature conditions of the sub- 
sequent healing surfaces, primarily 
that of the superheater. In open fur- 
naces with multi-tier single-front bur- 
ner arrangement, the temperature of 
gases at Lhe furnace outlet is equalized 
in such cases by changing the pattern 
of the flame core: when burning natu- 
ral gas, only two or three lowermost 
burner tiers are in operation; for a 
change from gas to fuel oil, burners of 
the upper tiers are fired; in later de- 
signs, the gases are recirculated into 
the furnace to accomplish the same 
purpose. 

Recently, it has been proposed to di- 
minish local heat flows on furnace wa- 
ter walls by arranging the burners in 
the bottom of an open furnace and by 
controlling the whirling of the se- 
condary air flow (Fig. 8.4e). In fuel 
oil combustion, the degree of whirling 
is decreased, so that the flame extends 
to a greater height in the furnace and 
thus noticeably decreases local heat 
flows onto the water walls, while the 
temporaturo of gases at the furnace 
outlet rises substantially. When bur- 
ning natural gas, the degree of whir- 
ling is increased to make the flame 
wider and shorter. 
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8.2. Fuel Oil Burners 


Gas and fuel oil-fired boilers are 
provided with combined burners sin- 
ce the volume flow rates of air for the 
combustion of natural gas and fuel 
oil are practically the same. The type 
of burner is selected depending on the 
heat power of the boiler and on the 
burner arrangement on the furnace 
walls, so as to ensure the best filling 
of the furnace space by the flame. For 
more efficient combustion, fuel oil is 
atomized in nozzles (see Sec. 4.2). 
A fuel oil burner comprises a nozzle, 
a channel to supply hot air, and a de- 
vice for air whirling (air register). 
Depending on the method of alomiza- 
tion, burners are classified as mechani- 
cal, steam-mechanical or sleam ato- 
mizer burners [43]. 

Mechanical burners aro the most po- 
pular type of fucl oil burner. Atomi- 
zation is effected by supplying fuel 
oil under an excessive pressure (2.5- 
4.5 MPa) into the whirling chamber 
and ejecting it through a narrow hole, 
or nozzle (Fig. 8.22). Fuel oil enters 
the whirling chamber through a num- 
ber of tangential channels and is tur- 
bulized into an intensively rotating 
whirl with the potential velocity di- 
stribution: 


(8.1) 


where w, is the tangential velocity at 
a distance r from the axis of the outlet 
section of the nozzle, w is the velocity 
at the inlet to the tangential chan- 


wir = wR 


Tint 





(a) 


nel, and R is the distance between 
the axis of the burner and that of the 
tangential channel. 

The whirled flow has a reduced 
pressure in the core which is filled 
with a gas whirl, so that the fuel 
flows from the nozzle through an ann- 
ular section of a thickness ry — Fint, 
where r, is the nozzle radius and rin; is 
the radius of the internal gas whirl. 
Depending on the ratio of the tangon- 
tial and axial velocity components, 
the fuel film at the burner outlet 
expands at an angle ņ and is disinto- 
grated by the oncoming air flow into 
numerous droplets which move along 
a parabolic path. 

The theory of centrifugal burners 
has been developed by G. N. Abra- 
movich. The principal characteristics 
of a burner are the dimensionless gceo- 
metric parameter: 


A = Rrglrin (8.2) 


which is determined by the design 
characteristics of a burner (see Fig. 
8.2); the coefficient of Lhe free cross- 
sectional area 

E = 1 — (rinj/ro)? (8.3) 
the flow rate coefficient p which cor- 
relates the total pressure of the fuel 
at the inlet to the centrifugal cham- 
ber with the energy of the outcoming 
flow, and the jet expansion angle » 
(see Fig. 8.2b). 

The throughput capacity of a me- 
chanical centrifugal burner, Bm, kg/s, 
depends in the first place on the cross- 
sectional area of the ejecting nozzle, 





(6) 


Fig. 8.2. Principal diagram and main characteristics of a centrifugal mechanical burner 


ta) principal diagram; (b) effect of the geometric characteristic of a bummer (A) on the free aren coefficient 
(&), flow rate coefficient (4), and Jet expansion angle (4) 
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Fig. 8.3. Steam atomizer fuel-oil burner type TKZ4 


(a) schematic: (b) longitudinal section through burner bead; ?—fuel oll Inlet; 
3 -head housing: 4- 


fo. mi, 


and the fuel pressure pm, 
MPa: 


Bm = bufo V PmPm (8.4) 


where b is in addition a numerical 
factor and pm is the fuel oil density, 
kg/m’. 

The throughput capacity of power- 
ful centrifugal burners with the nozzle 
diameter d, = 410 mm may range 
from 0.83 kg/s to 4.5 kg/s (3-16 t/h). 
The burner capacity can be control- 
led within 60-100% of the rated 
value by lowering the fuel oil pressure. 

Steam-mechanical burners have a 
wider range of capacity control since 
at lower loads the fuel oil is atomized 
by the energy of steam. A burner of 
this type is essentially a common 
mechanical oil burner provided with 


an additional annular channel to 
supply steam at the pressure py; = 
= 0.2-0.4 MPa (Fig. 8.3). In the 


burner design shown in tho figure, 
the centrifugal whirling chamber is 
replaced by an axial whirling device 
with a conical dissector. The steam 
flow, whose speed is near the cri- 
tical value, penetrates the fuel oil 
jet and disintegrates it into fine 


2—steam inlet; 


whirler; 5—dlssector 


droplets. The flow rate of steam 
for atomization is not more than 
10% of that of fuel oil. The burner 
capacity can be controlled within 
20-100% of the rated value. 

Multi-nozzle steam-mechanical oil bur- 
ners, which form a flat flame, are also 
in use (Fig. 8.4). 

In solid-fuel fired boilers, steam 
atomizer oil burners are employed 
only at boiler start-up. They are 
inefficient in long-term operation be- 





Fig. 8.4. Head of a flat-flame burner 
t—fuel oll Inlet; 2 -stram inlet 
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cause of the high consumption of 
sleam for atomization (30-40% of 
fue] oil consumption). Steam is ejec- 
ted at a pressure of 0.4-0.6 MPa and 
disintegrates tho fuel oil jet into 
fine droplets. The fuel oil can be 
supplicd at a low pressure. Burners of 
this type are simple in design and 
ensure fine atomization of fuel oil 
even al a rather low preheating 
temperature (up to 80°C). Starting- 
up burners can usually cover up to 
30% of the rated boiler capacity. 

Due to centrifugal force, fuel oil 
is ejected from the nozzle of a mecha- 
nical burner as a thin hollow cone. 
The thickness of the initial oil film 
is 6, = 0.56ura, which is 0.5-2 mm. 
The film then expands and breaks 
into fine droplets, the largest of 
which are roughly equal to the film 
thickness in diameter. 

Oil droplets move at a speed of 
60-80 m/s and are further atomized 
by the dynamic pressure of the on- 
coming gaseous medium (air or steam). 
This process is called secondary atomi- 
zation. 

The average diameter of oil drop- 
Jets in mechanical burners is roughly 
av = 300 pm; it depends propor- 
tionally on d®* and in inverse pro- 
portion on pi”. As may be seen, 
oil pressure has only a slight effect 
on the size of the droplets. The burner 
nozzle diameter dọ has a somewhat 
greater influenco on the fineness of 
atomization. 

In steam-mechanical burners, 6,, = 
= 50-100 pm and depends on the 
energy of supplicd steam and the 
efficiency of its utilization for fuel 
oil atomization. 

In powerful mechanical burners, 
the largest oil droplets may be up 
to 1.5-2 mm in size. The time for 
their evaporation and burning is rou- 
ghly 2s. Honce, the heat release 
rate per unit volume of the furnace 
must not be more than 200-250 kW/m? 
so as to ensure complete fuel combu- 
stion (see Fig. 7.2). lt should also 
be taken into consideration that lar- 
ger droplets move in an ascending 





flow more slowly than the surround- 
ing gases, and therefore. the time 
of their presence in the furnace is 
somewhat longer. With the help of 
sleam-mechanical burners, the heat 
release rate of the furnace can be 
increased. 

Controlling the burner throughput 
capacity. The flow rate of fuel oil 
supplied for combustion can be con- 
trolled by two methods: by varying 
the fuel oil pressure in all operating 
burners (qualitative method) or by 
switching some of the burners on 
and off (quantitative method). 

As follows from formula (8.4), the 
first method requires substantia] re- 
duction of the initial pressure, since 
B m is proportional to ph’. For instan- 
ce, to diminish the throughput capa- 
city by 40% (from 100% to 60% 
of the rated value), the fuel oil pres- 
sure must be reduced to 0.37 of the 
initial value. On the other hand, a 
sharp pressure reduction in mecha- 
nical burnors is inadmissible, since 
a lower intensily of whirling will 
result in a thicker oil film, lower ve- 
locity al the nozzle outlet, and larger 
droplets. An increase in the initial 
pressure of fuel oil will require more 
intricate and expensive equipment for 
oil transport and flow rate control 
and higher oporating expenditures. 
For these reasons, the throughput 
capacity of mechanical burners is 
controlled by using the combined qua- 
litative-quantitative method. 

When the number of oil burners in 
a furnace is sufficiently high, the 
load on the boiler can be diminished 
by switching off some of the burners. 
in a group. In such a case, the pressure 
of fuel oil supplied to the remaining 
burners increases, allowing the boiler 
load to be further controlled by vary- 
ing the fuel oil pressure. 

In high-capacity steam boilers, 
sleam-mechanica] burners are more po- 
pular, as they ensure proper control 
in the whole range of operating loads. 
Alomization of fuel oil can he im- 
proved by preheating the fuel to a 
higher temperature (see Sec. 2.4). 
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8.3. Combustion of Natural Gas 


An essential feature of natural gas 
combustion is that the mixture is 
formed from sharply different volu- 
mes of gas and air: combustion of 
1 m? of natural gas requires roughly 
20 m° of hot air. For this reason, 
the gas supply channel in a burner 
has a rather small cross-sectional 
area. Proper intermixing of the gas 
and air can be ensured only by. intro- 
ducing the gas into the air flow in 
the form of thin jets of a high pene- 
trability (the gas velocity is up to 
120 m/s while the velocity of primary 
air is only 25-40 m/s). Gas burners 
belong to the class of burners with 
partial inlernal mixing, since com- 
plete intermixing of gas and air is 
not effected in the burner proper, 
but is attained in the furnace space. 
As a result, part of the gas in the 
high-temperature zones, where oxy- 
gen may be deficient, is subjected to 
thermal dissociation (pyrolysis) with 
the formation of soot particles. This 
is why a gas burner, liko an oil bur- 
ner, forms a sufficiently bright flame, 
with the highest combustion tem- 
perature appearing at a certain di- 
stance from the burner port, which 
diminishes the risk of burner burn-up. 

In most cases, gas is introduced at 
right angles to the air flow or, in 


uniform distribution of gas in the vo- 
lume of air, the depth of penctration 
of the individual gas jets must be dif- 
ferent. The penetration depth h is the 
decisive characteristic in calculations; 
it is determined by the ratio between 
the momenta of a gas jet and air flow 
and characterizes the distance along 
the normal from the jet root to the 
point where its direction bocomes 
coincident with that of the air [ow 
[26]. 

The depth of jet penetration is de- 
termined mainly by the diameter of 
a jet and by the ratio of gas and air 
velocities. With gas holes being orien- 
ted along the air flow and arranged 
in two or three rows, a uniform di- 
stribution of the gas in air flow can 
be achieved by decreasing the diame- 
ter of holes in the direction of air 
motion (Fig. 8.5c). 

The principal parameters of a gas 
burner are as follows: 

4. The relative length of the inter- 
nal mixing zone lm = Lm/Da, where 
D, is the diameter of the outlet port 
of the burner (Fig. 8.6); it characte- 
rizes the conditions of partial internal 
mixing of flows. 

2. The aerodynamic parameter 
which characterizes tho intensity of 
turbulent mixing: 


some cases, at a certain angle a Aes Patton (8.5} 
to the air flow lines (Fig. 8.5). For a a gue : 
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Fig. 8.5. Penetration of gas jet 
into drifting air flow 


(a) single jet entering an air flow at 

right angles; (b) ditto, entering at an 

angle @ <: 90°; (c) penetration of mul- 

tiple-row pus Jets Intu on alr flow; A— 
depth of Jet penetration 
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Fig. 8.6. Gas burner with central gas supply 


where w,,, is the actual velocity of 
the whirled air flow which is roughly 
twice the axial velocity (flow rate); 
Waun = 2wa; the optimal range of 
Ra iS na = 1-4.2. 

3. Tho dimensions, shape and ar- 
rangement of gas ports, which depend 
on the general design of the burner. 

Gas jets can be introduced into 
the air flow in burners in a periphe- 
ral, central or two-sided mode. Figu- 
re 8.6 shows the central supply of 
gas jets. A two-sided gas supply (from 
the periphery and from a central gas 
header) is employed in high-capacity 
gas burners (see Fig. 8.9). 


8.4. Combined Gas-fuel Oi] Burners 


Among the advantages of combined 
gas-fuel oil burners (gas-oil combu- 
stion burners) is that the change from 
one fuel to the other can be done 
quite easily. Furthermore, both fuels 
can be burned under almost optimal 
conditions. 

The air channels in such a burner 
are common for both fuels, and each 
type of burner is arranged so as to 
ensure quick and thorough intermix- 


Fig. 8.7. Air registers 


4a) scroll type; (b) tangential vane-type; 
te) axial vane-type 


(a) 


ing of fuel and air. For efficient in- 
termixing with the fuel, the air flow 
is strongly turbulized in the burner 
by means of an air-guiding device 
called an air register. 

Air registers may be of the scroll 
type or wilh azial or tangential vanes 
(Fig. 8.7). Scroll-type air registers 
are too bulky because of the large 
volumes of air used for combustion, 
and are employed only in low-capaci- 
ty burners. Air registers with axial 
vanes are the simplest in design and 
have the least hydraulic resistance, 
but the diameter of the channel must 
be quite large to accommodate the 
entire air flow. Tangential vane re- 
gisters have a somewhat higher resi- 
stance than tho axial-vane ones, but 
their passage section can be easily 
varied at load variations by moving 
a regulating disc along the burner 
axis (Fig. 5.8). 

For the most part, high-capacity 
boilers employ gus-oil combination 
burners of the three types shown in 
Figs 8.8-8.10. These burners differ 
from one another in the method of 
gas introduction into the air flow 
and in the method of gas flow rate 
contro] at varying loads. 

A coaxial gas-oil combination bur- 
ner with a central gas supply is 
shown in Fig. 8.8. Natural gas flows 
from the central annular header 
through two rows of holes of different 
diameter. Air is supplied through a 
tangential vane register. The air flow 
rate is controlled by a moving disc 
valve. Thus, at a reduced boiler load, 
the air flow rate decreases maintain- 
ing the original whirling intensity and 
the necessary conditions for fuel-air 
intermixing. Fuel oil is atomized in 
a mechanical burner mounted in the 





fc) 
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Fig. 8.8. Coaxial gas-fuel oil 
with central gas supply 


7-—-unnular gas channel; 2~—fuel oll burner; 
3-—tangential vanes; 4—alr control gate valve, 
5—flume-prolecting disc of gas head; 6—air 
box; 7—alr supply to cool the head and dlse; 
§$—conical port; 9—igniter channel 


burner 


central channel of the combination 
burner. The gas pressure upstream of 
the burner is 2.5-3.0 kPa. The air 
velocity in the narrow section of the 
burner is 40 m/s. Tho mixture (fuel 
oil-air or gas-air) is ignited by an 
electric igniter. 

The gas-oil combination burner for 
a supercharged once-through boiler of 
a 300-MW monobloc unit (Fig. 8.9) 
has a tangential-axial air supply 
through a set of vanes, where the main 
air flow is distributed between two 
channels. In addition to this, ternary 
air is continuously supplied through 
the central channel to cool the fuel- 
oil burner. At a reduced boiler load, 
the air flow rate through the peri- 
pheral annular channel is diminished 
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by means of a control gale. The fuel 
oil supply is cffected by means of a 
TKZ-4M steam-mechanical oil bur- 
ner with a rated capacity of 1.28 kg/s 
(4.6 t/h) at a fuel oil pressure of 
4.5 MPa and steam pressure of 
0.2 MPa. Natural gas is introduced 
into the air flow from the periphery 
mainly through a large number of 
32-mm tubes and partially through 
holes in the central coaxial channel. 

Figure 8.10 shows a gas-oil combi- 
nation burner in the once-through 
boiler of an 800-MW monobloc unit. 
The burner capacity is 5.2 t/h fuel 
oil. A uniform distribution of air 
between the burners is ensured by a 
common large air box for all the 
burners located on one side of the 






Fig. 8.9. Gas-fuel oil burner with peripheral and central gas supply 


a, I'—central and peripheral air boxes; 2—tangential vanes, 3—axlal vanes; 4—channel of mechanical 
sleam burner; 5—alr Infect to central oir flow; 6—gas Inlet to coazlal channel, 7—perlpheral gas supply; 
8—arrangement of water wall tubes around the burner 
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furnace. Each air box is separated 
along its length into two sections to 
channel air into the internal and 
peripheral channels of burners. An 
additional box is provided to recir- 
culate the flue gases to the burners. 
Air flows are whirled by tangential 
vanes, and the gases enter the furnace 
in a straight flow and are mixed with 
the expanding flow of secondary air. 

Natural gas is introduced through 
the central coaxial channel arranged 
at an angle of 45° to the flow axis. 
The difference in the thermal oxpan- 
sion of the air box with burners and 
the furnace water walls is absorbed by 
means of corrugated expansion joints. 

When changing to gas combustion, 
the oil burner is switched off auto- 
matically and retracted into the cen- 
tral channel. If both fuels are burned 


Fig. 8.10. Gas-fuel oi] burner‘ of 
chrovahput capacity of 5.2 t/b fuel 
oil or 5.540 00 m° natural gas for 
an 800-MW monobloc steam boiler 


t, 1’—central and peripheral channels 
for hot air; 2—recirculating gas chan- 
nel; 3—corrugoted expansion Joint; 4, 
5—tangentlal whirling vanes, 6—cen- 
tral channel! for natural gas; 7—alr 
seal to prevent furnace gas outbreak 
from the burner; 8—artangement of 
waler wall tubes around the bummer 
port; 9—fucl ojl burner channel; 10— 
electric gas igniter; 11—Impulee lines 
of nir pressure control 


"50 mm dia 


simultaneously, one of them (most 
often fuel oil) will not be completely 
burned, because of the different mix- 
ing conditions and different ignition 
times. 

Gas-oil combination burners are de- 
signed for furnace operation with 
the least excess air ratio (a, = 
= 1.02-1.03) in fuel oil combustion, 
so as to minimize corrosion in the 
low-temperature portion of the gas 
path (in the region of air heater). 
For operation at a low excess air 
ratio, burners and air-supply path 
elements should be carefully manu- 
factured and assembled so as to avoid 
a non-uniform distribution of fuel and 
air between the burners. All fuel 
nozzles are calibrated, the allowable 
difference in their throughput capa- 
city being not more than 2%. 


Q 


CHARACTERISTICS, PARAMETERS 
AND MOTION EQUATIONS OF WORKING FLUID 


9.4. Principal Hydrodynamic 
and Heat-transfer Equations 
for the Water-steam Path 


The hydrodynamic and heat-Ltrans- 
fer processes in the water-steam path 
of a boiler take place in tubular ele- 
ments. Tube walls possess such pro- 


perties as heat conductivity, heat 
capacity and mass. The surfaces of 
tubes are in contact with the sur- 
roundings on the outside and with 
the working fluid on the inside and 
arc thus involved in tho processes oc- 
curring in these media. The proper- 
ties of the tube walls and the proces- 
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ses occurring on their surfaces are 
included into the boundary conditions 
of the equations which describe tho 
processes in the water-steam path. 
These are the equations of material 
balance, of the balance of cnergy of 
the working fluid and surrounding 
walls, and the equation of motion 
(or equation of momentum). 

All these equations are discussed 
in the courses on hydraulics and 
heat transfer and will not bo ‘derived 
here. We write these cquations in 
their final forms: 

SARE balance equation: 


242o 


—equation of the energy balance of 
the working fluid flow: 


2 4 7 2e a(n 


(9.4) 


= Gin (9.2) 


—cquation of the heat balance for 
channel walls: 





tm xs 
T all (tm— t) 


(9.3) 


In these equations, G, p and i are, 
respectively, the flow rate, density, 
and enthalpy of the working fluid 
in the channel, f is the cross-sectional 
area of the channel, z is the coordinate 
along the direction of motion of the 
working fluid, qin and gex are the 
linear heat flux densities on the 
internal and externa] surface of tho 
channel, m is the linear mass of the 
metal of channel walls (the mass of 
tubo at a length of 1 m), êm and 
Cm are the temperature and specific 
heal of the tube’s motal, œ is the 
coefficient of heat transfer from the 
wall to working fluid, and I] is the 
internal perimeter of the channel 
cross section (for a tube, I] = ndin). 

The second law of mechanics as 
applied to the flow of a fluid through 
channels can be specifically written 
as follows 

op oe. 


os + pio 


Gin = Vex — MC, 


=e 








+pgsina (9.4) 


qe 


This is the equation of motion, or 
the equation of momentum. Integrat- 
ing equation (9.4) between the limits 
z = 0 (w = w, P = p,)—the beginn- 
ing of the channel and the end of 
the channel—in the general caso the 
section z = l (w = wy, p = p,) gives 
an integral form of the equation of 
motion: 


i 

ae 

0 CA 
i h 
| | 

where k = / sin a. 

As follows from equation (9.5), the 
pressure gradient in the channel, 
Ap = Pı — Pz, is spent on overcom- 
ing the following forces which ap- 
pear in the moving fluid: 

—friction forces (the proportionali- 
ty factor k is determined experimen- 


tally; it is related to the coefficient 
of friction by the formula k = A/d): 


i 
|x ze dz 
o 





—forces duo to different velocities 
at the inlet and outlet of the channel, 
or the acceleration of the flow, i.o. 
the non-uniform velocity field along 
the channel length: 


f (wp) dw 


—forces due to time variations of 
the velocity field, or the inertia 
component of the pressure gradient, 
which is other than zero in transient 
processes only: 

yt 
i pode 
0 


the component of the gravity 
force, or hydrostatic component, 
which is determined by tho average 
density and by the difforence in 
heights, or levels (it is cssontially 
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the hydrostatic pressure of a fluid 
column of height h): 


h 


g \ pdh 
0 


Thus, the hydrodynamic and heat- 
transfer processes that take place 
in the water-steam path of a boiler 
can be described by a set of equa- 
tions: the equation of mass balance 
(9.1), equation of energy balance of 
the working fluid flow (9.2), the equa- 
tion of heat balance for the heated 
channel walls (9.3), and the equation 
of motion (9.4). They can be supple- 
mented by tho equation of state 


p = p (Pe À) (9.6) 


which relates a thermodynamic para- 
meter to two other parameters, and 
by the empirical relationships for the 
heat-transfer coofficient œ and the 
coefficient of friction, k. The set of 
equations (9.4) through (9.4) and (9.6) 
together with the empirical relation- 
ships for a and À represent a closed 
system: the number of unknowns 
(G, p, È, tm, and p) is equal to the 
number of equations (since w = G/fp). 
The externa] actions on the system: 
Yex: Gints tint, and Gout are assumed 
to be known. 

Under steady-state conditions, all 
derivatives with respect to t in equa- 
tions (9.41) to (9.4) and (9.6) are equal 
to zero, and all the parameters are 
functions of the coordinate z only, 
because of which the fundamental 
equations take the forms: 

—equation of mass conservation 


dG 
£o (9.7) 


—equation of energy conservation 


ad(Gi) _ 
$C) g (9.8) 


—equation of motion 


dp 
dz 


(9.9) 
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—equation of state 
p =p (P, i) (9.10) 


Equation (9.3) is excluded from the 
system (9.1)-(9.4), (9.6), since qin = 
= lex = q. As follows from equa- 
tion. 9. 7), the mass flow rate under 
steady-state conditions is the same 
in all sections of the channel, i.e. 
G (z) = constant. Noting this, we ob- 
tain from equation (9.8): 


at _ 4 
<=+ (9.41) 
or 
i=im t fz (9.12) 


9.2. Characteristics of Motion 
of a Steam-water Mixture 


The principal characteristics of a 
steam-water flow are as follows: 

The mass velocity wp of a medium 
(water, steam or stoam-water mixtu- 
re). The cooling effect of a flow de- 
pends on its density p, as wel] as on 
velocity w. The cooling effect of a 
flow is estimated in terms of the pro- 
duct of these parameters, i.e. through 
the mass velocity wp, kg/(m? s), 
which is essentially the mass flow 
rate per unit area of the tube cross 
section: 


G 


The circulation velocity wọ, m/s, is 
the velocity of water at the saturation 


temperature; it corresponds to the 
flow rate of the working fluid in tubes: 
Gm 
=-=- 9. 
Wo = Tp (9.14) 


where Gm is the mass flow rate of the 
steam-water mixture through tho tubo 
system, kg/s (at the entry of water 
into sleam-generating tubes, Gm = 
= Gw), f is the free cross-sectional 
area for the passage of tho working 
fluid, m?, and p’ is the donsity of 
water at the saturation temperature, 
kg/m. 

The resolved velocity of water w, 
m/s, is the velocity that water would 
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have in a particular cross section of 

a steam-generating tube if it occu- 

pied that cross section completely: 

ee 

Wwa 7 = 

° jp 

The resolved velocity of steam w, 

m/s, is the velocity that steam would 

have in a particular cross section of 

a steam-generating tube if it occupied 
that cross section completely: 


w? = Ge 
0 wW 


(9.15) 


(9.16) 


where G, is the mass flow rate of sleam 
through the tube system, kg/s, and 
p” is its density, kg/m’. 

The relative velocity of steam w,, 
m/s. The actual velocities of walor 
and steam differ from their flow 
rates, since under the actual conditions 
of combined motion of water and 
steam in a mixture they move with 
different velocities: w, =Æ Ww- 

In an ascending flow, sleam moves 
faster than water, w, > Ww, in a des- 
cending flow, Ww,< Wẹ; their dif- 
ference is equal to the relative volo- 
city of steam: 


(9.17) 


The relative velocity of steam has a 
vital effect on the motion of the 
steam-water mixture (see Sec. 12.1). 

The mass steam content, or dryness 
fraction, z, is the mass fraction of the 
flow rate of steam in the flow rate 
of the steam-water mixture at w, = 
= Wy: 


W, = We — Wy 


z=G,/Gmn (9.18) 

For a flow in thermodynamic equi- 

librium, the mass steam contenl can 
be expressed by the formula: 


z= (9.19) 


in—t’ 
A 
where ij; is Lhe unit enthalpy of the 
flow in a particular cross section of 
the tube system, kJ/kg, i’ is the 
unit enthalpy of water at the satura- 
tion line in that section, kJ/kg, and r 
is the heat of the phase transition at 
the same pressure, kJ/kg. 


The mass water content, or wetness 
fraction is determined by the for- 
mula: 


ETA Gs m; Gwo 
1—zr=1— Gm IGE 





(9.20) 


The velocity of steam-water mixture 
wm, m/s. Using the expression for 
the circulation velocity, we can write: 


= Sm _ Sst Gu 09,04 
~ fp w (2.21) 
Ç In turn, the mass flow rates, kg/s, 
of water and steam are:? 

Gy = Vip" = wep’ f 

G, = Vp"b= we f 
where V,, and V, are thejvolume flow 
rates of wator and steam, m°/s, 


Substituting for G, and G, into 
equation (9.21), wo obtain: 


Wo 


w= wi tw, (9.22) 
The velocity of the steam-wator 
mixture can be written as the sum 
of the volume flow rates of its com- 
ponents, V, + Vu, related to the to- 
tal cross-sectional area for the passage 

of flow: 
PEE Vst Va 


m fer. 


(9.23) 
or, noting G,, and G,, 
Wm = wy + wy (9.24) 
Substituting w, from equation (9.22) 
into (9.24) gives: 
Wm = Wy-+ Wr (1-5) (9.25) 


It is often essential to express Wm 
through the mass steam content zT. 
Taking into account thal the sum of 
cross-sectional areas occupied by steam 
and wator, f, and fw is equal to f, we 
have 


-JaWa + fue. = Winf 


which may be re-written as 


(9.26) 


Gv" +. GuV = Gntm 
whereby 


Gs 


Gu ,, 
Um = Ge z 


i ar a 
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or 
Vm = zv" 4+- (1 — 2x) v’ (9.27) 
It is also known that 
Um = Enem (9.28) 


Substituting Vm from equation 
(9.27) into (9.28), we have: 


Eme [1+2 (4-1) ] 


=w [1 +2 (5-1) 


Wm = w| 1-4-2 (2—1) ] (9.29) 


The volume steam content B. The vo- 
lume fraction of steam in a steam- 
water mixture flow with equal veloci- 
ties of water and steam is called the 
volume steam content: 

V 


De Waele 





Wm = 


or 


(9.30) 


Taking account of equations (9.18) 
and (9.20), we have: 
1 
p= = =a (9.31) 
z P 
The correlation between the mass 
steam content z and the volume 
steam content f in a steam-water mix- 
ture flow is shown in Fig. 9.4. At low 
pressures, the effect of x on f is espe- 
cially strong at low values of z and 
decreases inversely wilh pressure. At 
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Fig. 9.1. Relation between mass steam con- 
tent z and volume steam content f at va- 
rious pressures 
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any pressure, df/dr decreases as =x 
increases, These relationships have a 
vital effect on the regime and tempe- 
rature of two-phase flows through 
tubes. 

The actual steam content p is the 
fraction of tho tube cross section 
occupied by steam, /,, which corres- 
ponds to the actual velocities of water 


and steam: 
g= f/f (9.32) 


The actual steam content @ accounts 
for the rolative velocity of steam 
Wp, i.e. it relates Lo cases when w, 54 
Æ Wy. As indicated earlior, the volu- 
me steam content assumes these velo- 
cities to be equal to each other, w, = 
= Ww. Tho relationship between the 
actual steam content and volume 
steam content is as follows: 


Va Sia a 
P=, ste. Ut op (9.33) 





wmf Om 
whereby 
p= B (9.34) 
Denoting wp/w, = c, we obtain: 
g = ch (9.35) 


For an ascending flow 
W> Wm c<i, pcp 
For a descending flow 
W Z Wm, c>1,9>f6 


If there is no difference in velocity, 
that is w, = wo, = Wm, c =1 and 


p= (9.36) 


The proportionality factor c cha- 
racterizes the ratio of the velocity of 
the sleam-water mixture Wm to the 
actual velocity of steam w,, and thus 
it characlerizes the relative velocity 
of steam w,. With an increase in 
pressure, the relative velocity of steam 
decreases and, as pressure appro- ` 
aches the critical value, c tends to 
unity while @ tends to f. 

The mass steam content in a uni- 
formly heated ovaporating tube va- 
ries linearly along the tube length 
between its extreme values: z = 0 at 
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Fig. 9.2. Variations of B. ọ and z alon; 
the length of a steam-generating channe 


the inlet (if in; = i’) and zc =1 at 
the outlet (if isu = 2"), (Fig. 9.2). 
On the other hand, the volume steam 
content f and the actual stoam con- 
tent ọ, which both have zero initial 
values, increase sharply in the initial 
portion of a tube. Further in the 
tubo, they increase less intensively 
to the maximum value of unity at the 
tube end. With an increase in pres- 
sure, p and f approach z. 

The pressure steam contenl @ is an 
important flow characteristic, since 
it describes the actual distribution of 
water and steam in a mixture and their 
individual velocities in the combined 
flow. 

The actual velocity of steam is 


W, = WP (9.37) 
and the actual velocity of water is 
Wy = wal(1 — p) (9.38) 


The apparent density of a steam-water 
mixture, Pm, kg/m?, is the density 


fe 


Fig. 9.3. To derivation of the formula for 
the density of steam-waler mixture 
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in a flow where water and steam have 
the same velocity: 

G, 
wal 





= Gw 
Pm + wef (9.39) 

The actual density of the steam- 
water mixture, Pa, kg/m>, i.e. the 
density at the actual velocities of 
stoam and water, can be found from 
the following consideration. Let us 
separate a tube eloment of height Ak 
filled with a steam-water mixture 
(Fig. 9.3). Let steam and water in 
the element be represented by corres- 
ponding clementary volumes. Tho frac- 
tions of the cross sections occupied by 
steam and water may be denoted as 
fa and fẹ and their sum, as f. The 
masses of the two components may be 
written as f,Ahkp” and f,,Akp’ and 
their sum is the mass of the scparated 
volume of the steam-water mixture, 
jAhp,. This gives us an expression 
for the actual density of steam-water 
mixture: 


Pa =p’ — @ (p' — p*) = (1 — 9) P” 
+ gp" (9.40) 


In an ascending tube, the steam 
has a relative velocity w,, which re- 
sults in a decrease in the fraction of 
the cross section occupied by the 
steam, @, and an increase in the frac- 
tion occupied by water, (1 — p), so 
that Pa > Pm. With increasing pres- 
sure, Pa tends to Pm- 

The circulation ratio K is an inverse 
of the mass steam content and is 
essentially the ratio of the quantity 
of circulating water lo the quantity 
of steam produced for the same time 
interval (see Sec. 1.2): 


K =4/z (9.41) 


9.3. Regimes of Steam-water 
Mixture Flow 


The intensity of heat removal from 
a heating surface substantially de- 
pends on the conditions, or regimes, 
of the motion of the steam-water 
mixture on that surface. Undor iden- 
tical conditions, the structure and 
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Fig. 9.4. Steam-waler mixture flow modes 
in vertical tubes 


{a) bubble flow; (b) emulsion flow; (c) slug flow; 
(d) dispersed annular flow; (e) inverse dispersed 
annular flow 


regime of flow are determined by the 
spatial orientation of the heating 
tubes, which is used to organize the 
motion of the working fluid in 
steam-generating tubes. 

Vertical tubes. An adiabatic flow of 
a steam-waler mixture at a low steam 
content and slow velocity is essen- 
tially liquid with rare fine vapour 
bubbles distributed in it. This is 
what is called bubble flow (Fig. 9.4a). 
As the steam content increases and 
if wo is high, the moving mixture 
contains a larger number of [ine 
vapour bubbles; this is the emulsion 
flow, or frothy flow (Fig. 9.4b). At 
low values of wp, an increase in 
steam content may result in the coa- 
lescence of fine bubbles into larger 
formations whose size may be com- 
parable with the tube diameter and 
whose length may be many times 
the diameter. These formations are 
called ‘slugs’ and, correspondingly 
the flow regime is the slug regime 
(Fig. 9.4c). Behind a slug there is a 
thin liquid bridge containing fine 
vapour bubbles. 

With a further increase in the steam 
content, water bridges between the 
slugs disappear and the slugs merge 
into a continuous vapour column with 
atomized water droplets in it. This 





column moves along the tube core 
and is surrounded by a continuous 
annular water film which moves along 
the tube wall. The water film intensi- 
vely cools the internal surface of the 
tube. This is what is called the disper- 
se-annular (wet-wall) flow (Fig. 9.4d). 
The thickness of the water film de- 
pends on the ratio belween the flow 
rates of water and steam. At a high 
pressure and high steam velocity, 
the major mass of the film is broken 
off and carried as droplets by the 
steam flow, leaving only a very thin 
water film on tho wall, which soon 
evaporates. In heated channels, some 
specific flow regimes may take place. 
In film boiling, for instance, a vapour 
film may separate the liquid from 
the heat-exchange surface, while li- 
quid fills in the core of the channel; 
this is called the inverse disperse-annu- 
lar flow (dry-wall flow), Fig. 9.4e. 

The flow regimes described above 
are rather conditional since they gra- 
dually change from one lype to ano- 
ther with no distinct boundaries be- 
tween them. 

Horizontal tubes. The flow of the 
steam-water mixture in a horizontal 
tube is characterized by a non-uni- 
form distribution of structural flow 
components over the tube cross sec- 
tion. Since steam has a lower density, 
it moves primarily along the upper 
tube wall, while the main mass of 
water is concentrated at the lower 
wall. The asymmetry of flow rela- 
tive to the horizontal depends on the 
velocity of the steam-water mixture 
and tube diameter. At higher veloci- 
ties, the flow is less asymmetrical. 
In sleam-generating tubes 30-40 mm 
in diameter and at relatively high 
inlet velocities (w œ> 1 m/s), vapour 
bubbles form in the initial tube sec- 
tion. They are detached from the 
tube surface and move along with 
the liquid (Fig. 9.54). The vapour 
bubbles increase in number in the 
direction of the flow and begin to 
merge into larger formations. An 
ever increasing quantity of steam is 
involved in the combined motion of 
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Vig. 9.5. Two-phase flow modes in horizontal tubes at (a) high and (b) low inlet velocity 


the two phases, so that at a high 
steam content the flow in a tube 
becomes almost axisymmetrical and 
resembles the: disperse-annular re- 
gime in vertical tubes. 

With a low velocity of water at the 
inlet to a  steam-generating tube 
(w < 0.5 m/s), asymmetrical motion 
of water and steam may result in the 
exposure of substantial portions of 
the tube surface (Fig. 9.5b). The flow 
then becomes essentially asymmetri- 
cal along the whole length of the 
tube, wilh the steam moving along 
the upper tube wall. In other words, 
the two-phase flow is separated, as 
it were, into two individual flows. 
This flow regime is unstable. With 
an increase in the [low velocity, waves 
may form on the separating surface 
with their Lops periodically touching 
the superheated upper wall. 

At supercritical pressures, the work- 
ing fluid is a homogeneous medium. 
Nonetheless, even with a directed 
motion of the fluid at supercritical 
pressure in a horizontal channel, free 
convection may take place in a trans- 
verso direction, resulting in density 
varialion along the height of the 


flow. ‘This inhomogeneity can be 
characterized by the motion of a 
lighter (less dense) medium along 


the upper surface of a tube and of a 
heavier (denser) medium, along the 
lower surface, with no distinct boun- 


dary between them. The difference 
in densities increases with an increase 
in the vertical size of a channel or of 
the tube diameter. 

In tube bends, some portions of 
the tube surface may be washed less 
intensively by the fluid than others, 
which is due to the centrifuga] effect 
by which water is thrown towards the 
outside surface of a bend, while the 
tube wall at the inside surface is insuf- 
ficiently cooled by water. 


9.4. Hydraulic Resistances 


Since tubes offer resistance to the 
motion of water, steam-water mixture 
or steam, a pressure gradient forms 
belween any two sections along the 
length of a tube. The general equa- 
tion of the total pressure gradient has 
been given in Sec. 9.4. For practical 
calculations, it can be writton in a 
more convenient form: 


Ap = APs + Ap: + APac +Æ Apn 
(9.42) 


i.e. the total pressure gradient belween 
any two sections of a heated tube is 
the sum of pressure gradients due to 
friction, Ap;;, local resistances Ap,, 
acceleration Apac, and hydrostatic 
head Ap,- 

The resistance due to friction is 
caused by the viscosily of the moving 
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fluid. For a single-phaso isothermal 
flow in a straight channol of constant 
cross section, this term is found from 
the formula: 


APy, oa 
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kte der 9 (9.43) 
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where Ap,, is the resistance due to 
friction, Pa, 4, = A/d is the resolvod 
friction coefficient, 1/m, I is the 
length of the channel, m, w is the 
velocity of the fluid, m/s, and p is 
the density of the fluid, kg/m‘. 

The friction resistance for a two- 
phase flow can be principally deter- 
mined by the formula for single-phase 
flows, by replacing the single-phaso 
flow velocity by the velocity of steam- 
water mixture Wm, provided that the 
two-phase flowcan be considered homo- 
geneous, i.c. obeying the following 
relationship: 

wt 
APy, = gl Pm (9.44) 
Noting the law of mass conservation 
{sce Sec. 9.1), we can write: 


PmYm = p*wy (9.45) 

Noting cquation (9.25), formula 
(9.44) can he re-written as follows: 
APyp = Agl = p" [w+ wi (1 -£)] 
(9.46) 


or, noting equation (9.29): 
Apy, = Al ah [1 4-z (S- )] 
(9.47) 


In most [low regimes, the structure 
of a two-phase flow differs noticeably 
from a homogeneous structure (see 
Fig. 9.4), for which reason correction 
factor sp is introduced into the last 
equation to account for the effect 
of the flow structure. With a constant 
Steam content, we then have: 


Apir = hol Hip’ [1+29 (2-1) ] 
(9.48) 
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The pressure loss duo to [friction 
for a flow of variable steam content 
can be determined from the formula: 


Apr =l 2p" [1 +25 (--1)] 
(9.49) 


where z is the avorage steam content 
in the channel and 


as Wyz — Wiz; 
a 


where p, and wy, are correction factors 
to account for the effect of tho initial 
and final steam content, z; and zy, 
on the flow structure. 

Pressure losses due to local resi- 
stances are explained by the energy 
consumption for detachment of the 
boundary layer from the tube wall 
and the formation of whirls in the 
flow. Local resistances appear in pla- 
ces where the shape or direction of a 
channel changes; conditionally, they 
are considered to be localized in a 
particular section and do nol include 
friction resistance. 

The pressure loss in local resistan- 
ces to a single-phase flow is determi- 
ned by a formula similar to (9.43) 
in which the resolved friction coeffi- 
cient A, = A/d is replaced by the 
coefficient of local resistance £, (it 
may be found in reference books): 


Ap=Ẹ p (8.50) 


For a two-phase flow: 


Ap=28i o [1ta (5—1) 
(9.51) 


where Ẹ; is a conditional coefficient 
of local resistance for a steam-water 
mixture, usually &; > —,. For a sin- 
gle-phase flow across a tube bundle, 
the hydraulic resistance is 





2 
A Pts = $to > P (9.52) 
The coefficient E, for a flow across 
a tube bundle depends on the design 
of the bundle. 
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For a two-phase flow: 
Apu =bi ptp [1 + z( &—1) |(9.53) 


The pressure loss due to accelera- 
tion is caused by a chango in the volu- 
me, and therefore, in the velocity of 
a flow. It can appear as the steam 
content of a flow increases due to 
heating, as the fluid passes through a 
reduced cross section, or both. 

The pressure loss due to flow acce- 
leration can be found by the formula: 


w 


A Pac = \ wp dw 


wi 


(9.54) 


For a steady-state flow: 
wip; = Wp; = wp = Constant 
Thorefore, at p > Per 
APoc = wp (wy — wi) 
= (wp)? (vy — vı) (9.55) 


For a two-phase flow, p < per. 
Expressing v; and v, through the 
mass steam contents: 


vp = v’ (1 — x) 4+ "x, 
v =v (1 — r) + 0°x,; 


and substituting them into formula 
(9.55), we finally have: 


APac = (wp)* w° — v’) 

x (zy — xı) (9.56) 
The hydrostatic component of pres- 
sure loss for single- and two-phaso 

vertical flows is: 

h 
Apa=8 | pdh=pgh (9.57) 

0 


For a single-phase flow, p is takon 
as the average density of the fluid 
in section k, and for two-phase flows 
is determined by formula (9.40). 

When determining the total pres- 
sure gradient, Ap, is assumed to bo 
positive for ascending flows since it 
increases the total resistance of a tube, 
and negative for descending flows 
where it ceases to be a resistance and, 
on the contrary, acts in the direction 
of the flow. 
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9.5. Thermophysical Properties 
of Working Fluid in the Path 
of a Monobloc Unit 


Variations of the parameters and 
physical properties of the working 
fluid in various sections of the water- 
steam path of a supercrilical-pressure 
monobloc unit are shown in Fig. 9.6. 
The highest pressure of the fluid is 
at tho inlet to the high-pressure water 
heater, downstream of the feed water 
pump, Pon, and Lho lowest pressure 
is in the turbine condenser, pe. For 
supercritical-pressure plants, this pres- 
sure rango is from 32 MPa to 0.003 MPa 
and for high-pressure power plants, 
from 17 MPa to 0.003 MPa. [n the 
condensate path, which includes a con- 
densate pump, and in the feed water 
path with a feed waler pump, the 
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Fig. 9.6. Variations of parameters and ther- 

mophysical properties of the working fluid 
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pressure monobloc unit 
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pressure of the turbino condensate is 
raised to a value equal to the pressure 
al the inlet to the high-pressure water 
heater, which ensures the motion of 
the working fluid through the entire 
water-steam path of the boiler. 

In the turbine, steam moves due lo 
a pressure gradient between the inlet, 
where the pressure is equal to that 
downstream of the boiler, and the 
outlet, where it is equal to the pres- 
sure in the condenser. 

The highest temperaturo of the work- 
ing fluid is tho temperature of super- 
heated steam and the lowest is that 
in the condenser. In high-pressure 
and supercritical-pressure plants, this 
temperature interval is from 545° Lo 
30°C. 

Turbine condensate is preheated in 
the low-pressure waler heaters and 
the deacrator of tho condensate path 
from 30° to 105-165°C and further in 
the high-pressure waler heaters of 
the feed water path to the feed water 
temperature tp (usually 145-270°C). 
Water pressure in this path varies 
from p = 0.3-1.0 MPa to 15-17 MPa 
in high-pressure plants or to 30-32 MPa 
in supercritical-pressure plants. 

The total pressure gradient in the 
path, Ap = Apee + APaca + APar 
constitutes 20-30% of the pressure of 
superheated steam. On the other hand, 
the temperature of the working fluid 
is raised substantially, from ¢,, to 
superheated-steam temperature t,,. 

Superheated steam is fed into the 
turbine with the parameters ¢,, and 
Pas As steam expands adiabatically 
in the turbine, ils pressure and tem- 
perature decrease. In power plants 
of high aud supercritical parameters, 
the total efficiency is increased by 
taking off steam from an intermediate 
stage of the turbino (at a pressure of 
3-4 MPa and temperature of 290-320°C) 
and recirculating il back into the 
boiler where it is reheated, usually 
to the initial steam temperature, 
545°C, in an intermediate steam super- 
heater (reheater). 

Since (he working fluid changes its 
pressure and temperature in the wa- 


ter-steam path of a supercritical mo- 
nobloc power unit, this involves cer- 
tain changes in its thermophysical 
properties. As shown in Fig. 9.6, the 
water-steam path can be divided 
into seven zones in which typical 
changes in the thermophysical proper- 
ties of the working fluid take place. 

The first zone includes the conden- 
sale and feed water path of the power 
unit with convective and radiation- 
heated economizers. In this zone, 
feed water pumps create the highest 
pressure in the water-steam path 
needed to produce steam of the requi- 
red pressure. The working fluid in 
this zone remains liquid and therefo- 
re, its thermophysical characteristics 
are changed relatively weakly, not- 
withstanding the high riso in pressure; 
its dielectric permittivity £, however, 
decreases to a smal) fraction of its 
initial value. 

The most typical] is the second (near 
critical) zone which is usually located 
in the boiler furnace. In this zone, 
the change from water to steam takes 
place, so Lhat even a smal] rise in the 
temperature of the flow causes sharp 
changes in the thermophysical charac- 
teristics: near the temperature of 
the highest heat capacity, the enthalpy 
of the flow increases sharply, while 
the viscosity u, heat conductivity A, 
and, what is especially important, 
the density p and dielectric permitti- 
vity © decrease substantially, though 
smoothly, nol jumpwise. 

In the third zone, which includes 
the main superheater, the temperature 
and enthalpy of the superheated stcam 
increase further, but all other para- 
meters, including density and diclec- 
tric permittivity, change less than in 
the previous zoncs. 

In the fourth zone (high-pressure 
cylinder of turbine), the thermal ener- 
gy of the superheated steam is con- 
verted into mechanical work and its 
pressure and temperature decrease. 
Accordingly, the enthalpy and density 
of the steam decrease, the dielectric 
permittivity increases somewhat (duc 
to temperature reduction), and the 
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other properties (heat conductivity, 
heat capacity, and dynamic viscosity) 
conlinue to decrease smoothly. 

In the fifth zone (reheater), steam 
temperature is raised again at an 
almost constant pressure roughly 
3.5 MPa, resulting in an appreciable 
increase in ils enthalpy and slight 
increase in viscosity and heat conduc- 
tivity. The dielectric permittivity of 
steam decreases by 67-80%, whereas 
the density and isobaric heat capacity 
diminish only slightly. 

In the sixth zone (low-pressure cy- 
linder of turbine), the physical para- 
meters of stoam are changed in a 
manner Similar to the fourth zone, the 
only difference being that the pros- 
sure changes much more substantiully 
than in the fourth zone. For that 
reason, the density of sLeam decreases 
roughly to 1/300 or 1/400 of its ini- 
tial value. Its enthalpy also decrea- 
ses substantially, while changes in 
the other properties are rather smooth. 

The seventh zone includes the tur- 
bine condenser. The condensing 
steam here has conslant parameters: 
pressure 0.003 MPa and a temperature 
of around 30°C. Only the enthalpy and 
steam content of the flow are dimini- 
shed. As steam is condensed fully, 
the density, heat conductivity, heat 
capacity, viscosity and dielectric per- 
mittivity increase sharply. 

The specifics of subcritical pressure 
units are most pronounced in the 
second zone of the water-steam path, 
which is within the boiler furnace 
(Fig. 9.7). This zone is characterized 
by the conversion of water to steam 
(boiling); steam generation takes place 
at a constant temperature ¢’ with 
two phases: water and steam, existing 
simultaneously (curve 7). For com- 
parison, the figuro shows temperature 
variations in the working fluid at 
supercritical pressure (curve 2). 

As may be seen from Figs. 9.6 and 
9.7, the thermophysical characteri- 
stics of the working fluid in the zone of 
high heat capacities at supercritical 
pressures vary smoothly (though ra- 
pidly), whereas at subcritical pres- 
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Fig. 9.7. Variations of density p and die- 

lectric permittivity e in evaporating zone 

1—temperature of the working fluid at subcritical 

Pressure; 2—ditlo, at supercritical pressure (for 
comparison) 


sures the change from the properties of 
water to those of steam suddenly 
takes place at the saturation tempe- 
rature. As seen in Fig. 9.7, as the 
water to steam transition takes place, 
the density of the water, p,,, abruptly 
changes to that of sleam, Pa, which 
results in an increase in the enthalpy 
of the working fluid. Similarly, the 
dielectric permittivity of water chan- 
ges abruptly to that of steam. In the 
zone of constant temperature at the 
saturation line and constant pres- 
sure, both phases (water and stoam) 
co-exist in the whole range of stoam 
contents of Lhe two-phase flow, 0 < 
<z<01. The dot-and-dash lines in 
the figure show variations in the den- 
sity of the steam-water mixture, Pm, 
and in its dielectric permittivity €m 
along the flow. 

The thermophysical properties of 
water and steam are determined by 
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Fig. 9.8. Effect of pressure on the density of 
water and steam, p, and dielectric permitti- 
vity e at the saturation line 


pressure. Figure 9.8 shows variations 
in the density and dielectric permitti- 
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vity of water and steam; as may be 
seen, these charactcristics are sub- 
stantially different in a wide range of 
subcritical pressures, but come closer 
and closer together in tho critical 
point. 

The above relationships between 
the parameters and properties of the 
working fluid determine the hydrody- 
namic and heat-transfor processes on 
heating surfaces and the carry-off by 
steam of impurities present in water; 
they also play a vital part in the 
formation of deposits on boiler and 
turbine elements. 


TEMPERATURE CONDITIONS ON HEATING SURFACES 


10.1. Classification of Heating 
and Cooling Modes 


E A knowledge of temperature distri- 
bution in the metal of heating surfa- 
ces, which operate under complicated 
and heavy conditions, is essential for 
estimating the reliability of a steam 
boiler. 

In boilers operating on organic 
fuel, there are three different regions 
of heat transfer. The first region inclu- 
des tho heating surfaces (water walls) 
arranged in the furnace; they receive 
heat mainly by radiation. The most 
important factor of heat transfer in 
this region is the pattern of distribu- 
tion of the heat flow along the height 
of the furnace (seo Fig. 20.2) and over 
the cross-sectional periphery of water- 
wall tubes (see Sec. 10.4). 

The second heat-transfer region com- 
prises the semiradiant heating surfa- 
ces which are arranged in the boiler 
zone where radiation from gaseous vo- 


lumes is still substantial and the gas 
temperature is quite high (1 200- 
800°C). This group of heating surfaces 
includes primarily platens and water 
walls in the horizontal duct of the 
furnace. 

The heating surfaces in the third 
region receive heat mostly by convec- 
tion. This region has a relatively low 
temperature of combustion products 
(800-900°C at tho inlet to the convec- 
tive shaft and up to 100-150°C at its 
outlet) and accommodates convective 
heating surfaces: an economizer, air 
heater, and some superheater banks. 
These healing surfaces have a small 
tube pitch, i.e. small spaces between 
tubes for the passage of hot gases. 
Under such conditions, the fraction 
of radiant heat transfer from combu- 
stion products onto tubes is not high. 

In the sleam generators of nuclear 
power slations, two regions of heat 
transfer are usually distinguished. The 
first region includes the heating sur- 


10.1. Classification of Heating and Cooling Modes {it 





faces arranged in the reactor core. 
The heat in the reactor is liberated 
due to nuclear fission in a very rest- 
ricted volume around the place where 
nuclear fission occurs. This makes 
it possible to assume that practically 
all the heat released by the core is 
concentrated in tho volume of fuel 
elements. 

The maximum amount of heat relea- 
sed, Qmax, through the surface of 
fuel elements is in mid-height and 
the zero value (in the absence of 
reflectors), at the end faces. Reflec- 
tors can substantially equalize the 
intensity of heat released. 

In the second region, heat transfer 
takes place by convection at a mode- 
rate temperature of tho heat-transfer 
agent (water, liquid metal or gas). 
For instance, in a water-heated pri- 
mary circuit, waler lemperature does 
not exceed 330-350°C (at a pressure 
of 13-15 MPa); in circuils heated 
by liquid metal or gas, this lempera- 
ture may be higher, up to 700-800°C. 
Under such conditions, there is no 
immediate danger of tube burn-out 
should the heat-transfer conditions 
worsen, but the durability of the 
heating surfaces’ metal can be im- 
paired and cause emergency situa- 
tions. 

Present-day engineering has made 
possible the release of enormous quan- 
tities of heat in the boiler furnace 
or the core of a nuclear power reactor. 
Irrespective of the type of power 
plant, the heat released must be acti- 
vely removed through heating surfa- 
ces. This is ensured by the motion of 
the working fluid at a definite velo- 
city. 

The motion of the steam-water mix- 
ture, and therefore, cooling of the 
evaporating tubes of steam boilers 
and steam generators can bo orga- 
nized in a different manner (Fig. 10.1). 
In free-circulation plants, the steam- 
water mixture moves under the free- 
circulation head that appears when 
the tubes heat up. With an increase 
in load, the mass flow rate at the 
inlet to the evaporating tubes first 





Fig. 10.1. Effect of boiler load on mass 
velocity 


J—gravily circulation; g—multiple forced circu- 
lation; 3—circulation In oncc-through boller; 
4—combined circulation 


increases sharply to a maximum value 
and is then almost stabilized or even 
decreases somewhat, since the increas- 
ing steam generation at a high unit 
volume of steam results in an increased 
resistance of the tubes (curve J in 
Fig. 10.4). 

In multiple forced circulation 
plants, the circulation of the water 
and steam-water mixture in evaporat- 
ing tubes is effected by a circulation 
pump, so that the mass flow rate of 
the working fluid is almost constant 
irrespective of boiler load (curve 2). 

In once-through boiler plants, the 
mass flow rate is proportional to the 
boiler load (curve 3). At a low load, 
the mass flow rate may turn out to 
be inadmissibly low and cause burn- 
out of tubes. For this reason, load 
shedding is restricted to no less than 
30% of the rated load. 

Curve 4 in Fig. 10.1 depicts tho 
characteristic of a boiler plant in 
which tho motion of the working fluid 
is based on the principle of multiple 
forced circulation at low loads and 
on the once-through principle at high 
loads. When operating on the prin- 
ciple of multiple forced circulation, 
the mass flow rate is expressed by 
the sum of tho ordinates ab—the mass 
flow rate corresponding to recircula- 
tion through the steam-generating sur- 
faces, and be—the mass flow rate in 
the economizer and superheater in 
once-through operation. With a chan- 
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ge to the once-through operation, 
the mass flow rate is the same in all 
the heating surfaces of the water-steam 
path, the ordinate a'c’. Thus, the 
combined circulation system ensures 
adequate cooling of all the heating 
surfaces irrespective of the load. Ac- 
cordingly, forced-circulation single- 
pass motion of water and steam takes 
place in the economizers and super- 
heaters. 

The thermal conditions in the tubes 
of the steam-water path of a steam 
boilor or steam generator are establi- 
shed depending on tho ratio between 
the quantity of heat supplied by tho 
heal-transfer agent to the outside 
surface and the quantity of heat 
removed by the working fluid from 
the insido surface. The simultaneous 
procosses of honat release and heat 
removal onsure that any point of a 
heating surface is in the necessary 
thermal state and has a specific 
tomperature. The temporatures in va- 
rious points of a heating surface form 
what is called the temperature field. 

One can distinguish between a lem- 
perature field along the motion of 
the working fluid, i.e. along the length 
of tubes (assuming that they are hea- 
ted uniformly around their periphe- 
ry) and a temperature field across 
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the cross section of a tube (noting 
that heat supply or heat removal may 
be uneven around the periphery of a 
tube). 


10.2. Heat-transfer Crisis 
in Evaporating Tubes 


For a given heat release intensity, 
the temperature conditions on an 
evaporating tube aro mainly determi- 
ned by the steam content, mass flow 
rate and pressure of the flow. 

Various inadequate temperature con- 
ditions which may appear in ovapo- 
rating tubes can result in a substan- 
tial rise in the temperaturo of the 
metallic tube wall which can some- 
times cause tube burn-out. One should 
differentiate between the inadequate 
temperature conditions in bubble flow 
and in disperse-annular flow. 

With bubble flow of a stoam-waler 
mixture having a moderate steam 
content, a thick layer of liquid covers 
the tube wall (Fig. 10.22) and the 
temperature of the tube is maintained 
at a substantially low lovel (section 
1-2). Even with intensive heating, it 
exceeds the saturation temperature 
only by a few Lens of degrees. 

As the working [luid moves and is 
heated in the tube, more and more 


Fig. 10.2. General pattern of tempe- 

ratures in a sleam-generaling lube at 

(a) bubble flow and (b) dispersed an- 
nular flow of steam-water mixture 


102. Heat-transfer Crisis in Evaporating Tubes 


vapour bubbles appear on tho tube 
walls; they coalesce with one another 
and may eventually form a conti- 
nuous vapour film which will separato 
the flowing liquid from the heated 
tube wall and thus sharply impaic 
the conditions of heat transfer. The 
effect of a sharp worsening of heat 
transfer on a change from bubblo 
boiling to film boiling is called the 
boiling crisis (burn-out conditions) and 
the corresponding heating load is 
called the critical load qer. 

On occurrence of the boiling crisis 
(point 2), the layer of superheated 
steam at the heated wall becomes 
thicker, the heat-transfer coefficient 
drops down sharply, resulting in a 
sharp rise in the wall temperature 
and often in burn-out of the tube 
wall (point 3). These temperature 
conditions can occur in bubble flow 
if the heating rate of one of the evapo- 
rating tubes is too high and a thick 
layer of steam accumulates on the 
superheated tube wall. 

In disperse-annular (wet-wall) flow, 
saturated steam with suspended liquid 
droplets moves in the core of a tube 
and a water film flows along the tube 
walls (Fig. 10.26). Without heating, 
the thickness of the liquid film depends 
on the ratio between the flow rates 
of water and steam, the quantity of 
moisture that is separated from tho 
flow core and wets the wall, and tho 
quantity of moisture removed from 
the wall due to break-off and mecha- 
nical carry-off by the steam flow. 
In heated tubes, the intensity of heat- 
ing has a strong additional effect on 
the thickness ofthe water film. A 
continuous water film can still onsure 
proper heat removal from the heated 
surface and the wall temperature can 
be maintained at an allownblo levol 
(line 7’-2'), In further heating, tho 
water film becomes thinner owing 
to evaporation and break-off, so that 
only a very thin film (micro-film) 
remains on the wall. Under a parti- 
cular heating load, the microfilm 
is destroyed and separated into indi- 
vidual islets and streaks whose number 
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and size diminish in the course of 
further vaporization. Thus, a con- 
tinuous steam layer forms at the 
wall, while the core of the flow con- 
tains a slightly superheated steam 
wilh water droplets whose concentra- 
tion decreases gradually in the direc- 
tion of the flow. Under such condi- 
tions, water droplets do not reach 
the Lube walls. Besides, on entering a 
hotter zone of the tube they evapo- 
rate. Since vaporization is more in- 
tonsive at the walls, the water drop- 
Jets are repulsed from tube walls back 
into the steam flow. Under such con- 
ditions, heat transfer occurs through 
a continuous stoam layer, i.e. the 
heat-transfor coefficient decreases 
sharply and the wall temperature 
increases (point 2’ in Fig. 10.26), 
resulting in a boiling crisis. In con- 
trast to.the previously mentioned 
case of a boiling crisis at a moderate 
steam content during a change from 
bubble to film boiling, this type of 
boiling crisis is caused by a change 
from disperse-annular to disperse flow 
with a complete drying out of the 
liquid film at a high steam content 
of the flow. This type of boiling 
crisis can even take place at a low 
heating load and relatively high heat- 
transfor coefficient as the liquid phase 
evaporates almost completely. Since 
tho unit volume of steam is much 
highor than that of water, the linear 
velocity of the flow increases sub- 
stantially. In a boiling crisis when the 
liquid film dries out, the temperature 
of tho tube wall rises less significantly 
(lino 2’-3’), as in the former case. 

Boiling crisis in the one-sided heat- 
ing of evaporating tubes. We have 
discussed the mechanism of boiling 
crisis in an ascending flow of working 
fluid in vertical tubes heated uni- 
formly all over their periphery. 

ln modorn powerful steam boilers, 
the main stoam-generating surfaces 
arc formed by furnace water walls 
which aro unevenly heated over their 
periphery. The distribution pattern 
of tho heating load over the periphery 
of a water-wall tube is shown in 
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Fig. 10.3. Heat distribution in a smooth 
tube heated from one side 


Fig. 10.3. The front side of the tube, 
which faces the furnace, is heated 
most intensively and the rear side, 
least intensively. Uneven heating cau- 
ses transverse circulation of the work- 
ing fluid from the less heated to the 
more healed portions of the tube 
periphery; some heat is also trans- 
ferred by conduction in the metal 
wall. These two circumstances en- 
hance the cooling effect of the working 
fluid, thus retarding the appearance 
of a boiling crisis. For this reason, 
burn-out conditions in tubes that 
are unevenly heated across their pe- 
riphery can appear at substantially 
higher values of ger than in those 
which are heated uniformly from all 
sides. This means that one-sided heat- 
ing surfaces can be designed for more 
forced heating, g/t > qu" (see Fig. 
10.3). The allowable heating load 
to avoid a boiling crisis can also be 
increased by artificial turbulization 
of the flow with helical inserts, screw 
threading of the internal surface of 
tubes, etc. 


10.3. Temperature Conditions Along 
the Length of a Channel 


Straight channels. Curves of tempe- 
ratures in the water-steam path of 
subcritical-pressure drum-type and on- 
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ce-through boilers are shown in 
Fig. 10.4. In boilers of any type, the 
temperature of feed water in the 
economizer, tjw, is raised to the 
saturation point (in the limit), so 
that the heat absorbed by evaporat- 
ing tubes is almost fully spent on 
vaporization, and the lemperature of 
the steam-water mixture ¢’ remains 
almost constanl. In the superheater, 
the temperature of steam is further 
raised to the rated value t,,. 

In the economizer section /, the 
temperature of the flow ¢, and that 
of the tube wall, ¢;, are below the 
saturation temperature: ty <i’ and 
tı < t'. The thermophysical proper- 
ties of water in the layer near the wall 
vary only slightly with temperature. 
Under such conditions, heat transfer 
is mainly governed by the laws of 
convection: 





Nu; = cRe 7 °Pr}"* (10.1) 

Where 
ad — vpe _ Epi 
Nu; = hy $ Re; = y ; Pr, = 


The subscript ‘f’ implies that the 
flow temperature is taken as the deci- 
sive parameter. For straight channels, 
C = 0.023. 

Heat exchange occurs at a tempera- 
ture gradient At = t; — ty = Q/ae- 





in the 
water-steam path of (a) drum-type and (b) 
once-through subcrilical-pressure boilers 


Fig. 10.4. Temperature variations 


2—evaporating tubes; j—super- 


i—economizer; 
of the working fluid; 


heater; A—tempecrature 

B—wall temperature of a drum-type boller, B’— 

wall temperature of a once-through boiler, C—allo— 
wable metal temperature 
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In the economizer section, heat cx- 
change between the wall and the water 
takes place at a low heating intensity 
(q œ 5-10 kW/m?) and high values 
of the heat-transfer coefficient la, = 
= 2-5 kW/(m? K)], so that the wall 
temperature is only a few degrees 
higher than that of the water. 

In section JJ, the temperature of 
the flow ¢, is lower than 2’, while 
the wall temperature is higher than 
t'. This means that vaporization (sur- 
face boiling) has already started on 
the wall. As steam bubbles are for- 
med, they pass into the waler flow 
and are condensed. In this section, 
the water flow is heated in the tem- 
perature range up to t’. This section 
too, belongs to the economizer, but 
the heat transfer in it is more inten- 
sive than in section T. 

As heat is further supplied, stable 
bubble boiling begins in the tube: 
t =t and t, >t’. In this boiling 
zone (section JJZ), heal transfer takes 
place irrespeclive of Lhe flow velocity 
(at velocities typical for steam boi- 
lers), but is determined by the heat- 
ing intensity g and the thermophysical 
properties of the liquid and steam at 
the saturation line, which depend uni- 
quely on pressure p. In the pressure 
range 0.4-146 MPa, the heat-transfer 
coefficient in the zone of intensive 
boiling can be approximated by the 
empirical formula 


port = 0.34p%49g%7 (10.2) 


Heat transfer in this section Lakes 
place al a substantially high heat- 
transfer coefficient [a, = 50-100 
kW/(m? K)], and therefore, Lhe tempe- 
rature of the tube wall only slightly 
exceeds Lhe temperature of the flow 
even with very intensive healing, as 
is possible in high-forced furnaces of 
steam boilers without running the 
risk of scale deposition (see Sec. 10.4). 
Such conditions exist along the whole 
length of evaporating tubes in drum- 
type boilers (section J7J) where the 
mass steam content z at the outlet 
is rather low (less than 20%) due 
to the high circulation ratio. In once- 
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through boilers, the steam content 
varies along the length of the evapo- 
rating tubes in the range 0 < z < 1. 
In tube portions where = is relatively 
low due to extensive boiling, a, is 
rather high and can be calculated by 
formula (10.2). Under such conditions, 
tı is close to ¢’. 

Beginning from a certain steam 
content Zer, which depends on pres- 
sure and heating intensity, the tem- 
perature of the wall rises substantial- 
ly (boiling crisis associated with wa- 
ter film drying, see Sec. 10.2), which 
is indicalive of deterioration of the 
heat exchange conditions (section JV). 
For this section, i.e. in the zone z > 
> Zer, Or upon occurrence of a boiling 
crisis, it may be assumed with a good 
approximation that the coefficient of 
heat transfer from the wall to sleam- 
water mixture (aş) varies roughly 
proportionally to the linear velocity 
of the sleam-water mixture Wm to 
the power of 0.8; a similar relation- 
ship may be assumed from the coef- 
ficient of heat transfer to dry satu- 
rated steam a”. Therefore: 

a wr, \0-8 
oh mw (=) (10.3) 

Assuming that the steam-water mix- 
ture in the zone of deterioration of 
heat Lransfer moves as a homogeneous 
medium, the coefficient of heat trans- 
fer can be determined as for dry 
saturated steam whose average veloci- 
ty is equal to the velocity of the 
mixture: 

Om 


om = 2 +2 (1—2) 





(10.4) 


The formula for ay in the zones of 
deterioration of heat transfer has 
been proposed by Z. L. Miropolsky 
[64]. It includes a correction factor y 
to account for inhomogeneity of tho 
fluid in the zone al a steam content 
that is slightly less than unity: 


Nu; =c (Re”)°-8Pr0-8 


x [z+ aa] y (10.5) 


116 


-where 


. _ asd 
Nu; =45 





and Ro” = “P)4 
M 


The correction factor y, which de- 
pends on the steam content and p'/p" 
ratio, can be found by the empirical 
formula: 


y- 1—0.1 (B1) (1—z)" 


On attaining a maximum, the tem- 
perature of the heated tubes decreases, 
‘This is due to the fact that heat 
transfer is more intensive with an 
‘increase in the linear velocity of 
‘steam in the zone where the liquid 
phase is evaporated completely (sec- 
tion V). At the boundary between 
sections ZI and IV for drum-type 
boilers or V and VZ for onco-through 
boilers, the mass sleam content be- 
comes equal to unity (x = 1) and the 
enthalpy is i”, so that any further 
supply of heat results in seam supor- 
heating. 

In all types of boilers, in tho supor- 
‘heater region (section VZ), hoat trans- 
fer to superheated stoam again wor- 
‘sens and the temperature of the tube 
metal increases. In this region, the 
laws of convective hoat exchange for 
a single-phase medium become valid 
again —but for superhoated steam we 


have: 
Nu, = cRo?*Pr?"* (10.6) 


Under impairment’of heat transfer 
conditions, the coefficient a, is sub- 
stantially lower than in intensive 
boiling, but is still sufficiently high 
to ensure reliable operation of the me- 
tal of the heating surfaces at a pro- 
perly selected mass {velocity of the 
flow (see Sec. 10.2). 

With an increase in pressure, sur- 
face tension decreases, so that impair- 
ment of heat transfer occurs al a lower 
value of z.,. The same effect on Zer 
has an increase in tho heating load (due 
to quicker evaporation of moisture 
in the tubes). 

The boundary of the transition to 
-deteriorated heat-transfer conditions 
-can move along the length of an eva- 
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Fig. 10.5. Wall and flow temperatures in 
tbe water-steam path of a supercritical- 
pressure boiler 


1—-flow temperature; 2—wall temperature at low 
q; J—wall temperature at high g 


Porating tube depending on certain 
operating factors. The metal at. that 
boundary is subjected to Lemperature 
changes which may cause thermal fa- 
tigue. The ampliludoe of temperature 
variations can be decreased by limit- 
ing the temperature gradient betweoon 
the internal wall of a tube and the 
flow in the transition region (At< 
< 80°C). This is attained by main- 
taining a sufficiently high flow velo- 
city. 

Curves of the temperature varia- 
tions of the flow and tube wall in a 
vertical onco-through circuit of supor- 
critical pressure at various heating 
intensities are shown in Fig. 10.5. The 
entire region of steam generation cad 
be divided into three heat-transfer 
regions: I or J’—water preheating; 
II or [I'—pseudo-boiling; and [77 — 
steam superheating. In region J, tho 
temporature of the flow and wall al a 
given pressure is below the tempera- 
turo of conditional phaso transition, 
tpn. The thermophysical properties of 
the working fluid in tho boundary 
layer on the wall vary only slightly. 
Under such conditions, heat transfer 
is governed by convection and can 
be calculated by formula (10.1). The 
wall tomperature in region J increases 
slowly, following variations in tho 
flow temperature. 


10.3. Temperature Conditions Along the Channel 
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Fig. 10.6. Effect of the working fluid enth- 
alpy and of heat flux on the heat-transfer 
coefficient at supercritical pressure 
p= 26 MPa, wp = 700 kgim? s); q, kW/m: 1— 
350; 2— 520; s—640; ¢—750; 5— 870 


Ad/tg 


In region 7, the temperature of 
the flow remains lower than tpn, 
but the temperature of the wall is 
higher than tpa. For this reason, the 
thermophysical properties in the boun- 
dary layer and in the main flow may 
differ substantially (see Sec. 9.5) 
resulling in the features specific to 
the heat transfer in that region: heat 
transfer is intensified al low values of 
q (line 2 in Fig. 10.5) and, on the 
contrary, is impaired at high values 
of q (line 3). Figure 10.6 shows the 
effect of q on a, in the phase tran- 
sition region. As may be seen, a, has 
a maximum at a low g and decreases 
to a minimum at higher values of q. 
With a decrease in the flow velocity 
or an increase in the heating load, the 
region of unit enthalpies typical of the 
impaired heat transfer becomes larger. 

At supercritical pressures, heat trans- 
fer in this region is caused by two main 
factors: the effect of varying proper- 
ties of the flow on the processes of 
turbulent mass exchange and the 
appearance of noticeable thermogra- 
vitational forces (free convection). 
Thermogravitational forces can be 
characterized by the ratio Gr/Re. 
At Gr/Re? < 10-2, the effect of free 
convection can be neglected and heat 
transfer in n vertical ascending flow 
can be calculated by the formula 
proposed by V.S. Protopopov: 
nyp ym = 

(#4) (10.7) 


a 
Nu, z Nu, (= 
a 
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where Nu, is the Nusselt number un- 
der isothermal conditions: 


È ReyPry 
Nu = = 
4.07-+12.7 yt (Pr2/3 —1) 
(10.8) 


Other quantities needed for the cal- 
culation: Gr is the Grashof numbor: 





i — pt) d? 
Gr LPP) d 
Py 


= is the coefficient of hydraulic resi- 
stance, E = (1.82 log Re — 1.64)-3; 


ĉp is the mean specific heat: 
~ _ tty 
2 tt—ty 
cps is the specific heat of the flow; 
and p; and p; are the flow density at 
the flow temperature and wall tem- 
perature, respectively. The exponents. 
n and m can be found by empirical 
formulae. 

At Gr/Re? = 10-*-0.4, the contri- 
bution of gravitational forces is largo 
and heat transfer deteriorates owing. 
to a partial degeneration of the turbu-- 
lence in an ascending flow. For such: 
conditions, the calculation should be 
corrected for the effect of froe convec- 
tion, i.e. for the ratio Gr/Re?. 

The conditions described by curve 3. 
(see Fig. 10.5) can appear at g >q». 
at a given value wp or at q/wp > 
> lq (wp)l, 122). 

In region ZII, the temperature of 
the flow exceeds ty, and heat trans- 
fer is governed by the laws for super- 
heated steam [formula (10.6). 

Bent channels. The tubing of a boiler 
or steam generator has straight tubu- 
lar portions and numerous tube bends, 
such as bent tubes in cylindrical cyc- 
lone primary furnaces, coiled tube 
banks in nuclear steam generators, 
bends in multi-pass sections of waler 
wall, bent tubes around burner ports, 
manholes, otc. 

The motion of fluids in bent chan- 
nels can be characterized by the ap- 
pearance of centrifugal forces directed 
towards the outside of a bend. Tho 
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Fig. 10.7. The working fluid circulation 
across a curvilinear channel 


fluid in the core of a flow, which is 
denser and therefore has a_ higher 
kinelic energy, is thrown by these 
forces lo the outside of a bend where 
it displaces Lhe fluid of a lower den- 
sity. The displaced fluid moves in 
symmetrical currents along the side 
walls of the channel towards the in- 
side of the bend. The fluid that moves 
from the flow core loses part of its 
energy in friction on the wall and 
is continuously displaced by new 
porlions which move from the core. 
Therefore, in addition to the main 
axial flow, the transverse motion of 
two opposing symmetrical vortices 
(secondary circulation) appears in bent 
channels (Fig. 10.7). 

As the two opposing vortices circu- 
late, there remains a narrow band 
between them on the inside wall which 
cools less intensively than thal would 
otherwise, and, as a result, heat trans- 
fer in this local zone noticeably de- 
teriorates. 

Under identical conditions, a bent 
channel has a higher hydraulic resi- 
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stance than a straight tube. This can be 
explained by theo fact that there is a 
stronger energy exchange across Lhe 
flow due to the transverse circulalion 
of tho fluid. 

The critical Reynolds number of the 
passage from laminar to turbulent 
flow is higher for bent channels than 
for straight tubes, the difference being 
more noticeable at a higher d/D ratio, 
i.c. greater curvature. 

On the whole, secondary circulation 
intensifies heat transfer. On the other 
hand, it redistribules the velocities 
and densities of fluid in the channel 
cross section in such a manner that 
heat transfer becomes non-uniform 
around the channel periphery. The 
condilions for heat transfer, and, thus, 
the temperature conditions deteriorate 
on the inside of a channel; on the out- 
side, heat transfer conditions are 
better and the wall temperature is 
lower. 


10.4. Temperature Conditions Around 
the Periphery of a Channel 


Figure 10.8 shows the fields of ab- 
sorbed heat on the outside surface of 
a smooth tube and a finned tube with 
symmetrical fins. The tubes are hea- 
ted from one side in the water wall 
of a boiler furnace. As may be seen, 
though the distribution of heat flows 
over the periphery of the two tubes 
is different, the hoating load near the 
front point is essentially the same 
in both. The difference in the heating 
load over the periphery of both Lubes 
results in the appearance of a heal flow 
through the metal from the front zone, 


Fig. 10.8. Thermal fields in water 
wall tubes 


(a) smooth tube; (b) finned lube; I—diag- 
ram of supplied heat 
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where the heating load is the highest, 
to the rear portion of a tube, where 
the heating load is substantially lo- 
wer. In the finned tube heat also flows 
along the fins from the top lo the 
base (root). As a result, the heating 
load at the fin root substantially in- 
creases and under particular condi- 
tions the temperaturo in that zone 
may turn oul to be even higher than 
on the front wall. 

For reliable operation of the tube 
metal, heat removal from the heating 
surface should occur at a tolerable 
temperature, i.e. a temperature that 
is admissible for long-term normal 
operation of the metal. For this pur- 
pose, the concept of the design tem- 
perature of tube metal, t,, is introduced, 
which is understood to be the highest 
local temperature as delermined by 
considering the non-uniform heat ab- 
sorption over the cross section of a gas 
duct or the periphery of a tube, heat 
flow through the wall, and hydraulic 
and structural non-identity of the 
tube coils. 

Smooth tubes. When the thermal 
field of a tube is uniform, the wall 
temperature on the inside depends on 
the temperature of the working fluid 
ty, heating intensity q (on the inside 
surface, qin), the coefficient of heat 
transfer from the inner wall to the 
working medium a@, and, if there are 
no internal deposits, can bo found 
from the formula: 


ti? — ty ox (10.9) 


To calculate the long-term strength 
of tubes, the average temperature of 
the metal across the tube thickness is 
determined 


£ ji a eae 
az (1+ B) àr 


The temperature on the outside sur- 
face of a tube is higher than the ave- 
rage lemperalure. It is used for esti- 
malting the probability of scaling. 
For a tube that is heated uniformly 
all over its periphery, noting the 
thermal resistance of the tube wall, 


t=tata[ ] (10.10) 
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this temperature can be found from 
the formula: 


i 28 
tout — L, -t o |e t 
pete etaa] 


(10.11) 


Apart [from the quantities alroady 
known, here 6; and 4, are the thickness 
and heat conductivity of the tube 
wall, and B = doud/din is the ratio 
of the outside diameter to the inside 
diameter of the tube. 

For operation of the metal at a 
given @,, the combination of a high 
tomperature of the working fluid and 
a high heating intensity is most un- 
favourable. For this reason, the ro- 
liability of metal operation in heat- 
ing surfaces is estimated by checking 
the wall temperature at various com- 
binations of t; and q that might occur 
in a particular boiler element. 

The temperature field of a tube 
may be non-uniform over the periphe- 
ry of its cross section if heat is supplied 
non-uniformly to the external surface 
(one-sided heating of furnace water 
walls, cross-flow around tubes of a 
convective healing surface) or if heat 
is removed non-uniformly from the 
internal surface (separation of phases 
at subcritical pressures or density 
separation at supercritical pressures). 
A non-uniform temperature field in 
the cross section of a channel results 
in heat spreading through the wall 
from regions at the highest tempera- 
ture to Lhose where the metal tem- 
perature is lowor. Noting the effect 
of heal spread, formula (10.11) takes 
on a new form: 


ou L a 
t; fly -F Pmax ator! 
(10.12) 


whero gmax is the heating load at the 
point of maximum heat release, and 
is tho coefficient of heat spread over 
the tube cross section. 

The coefficient of heat spread p for 
a particular tube point is understood 
as the ratio of the actual temperature 
to the temperature that would appear 
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at that point should the heating be 
uniform with a heat flow qmax. 

Non-uniformity of the temperature 
field is most essential for horizontal 
tubes of subcritical-pressure plants 
and also for tubes of any orientation 
of supercritical plants in zones where 
the working fluid has a high heat ca- 
pacity. 

At supercritical pressures, the ther- 
mophysical properties of the working 
fluid may substantially change in a 
rather narrow temperature range (Fig. 
9.6). In vertical heated tubes, this 
may result in a density gradient along 
the radius and the formation of a 
zone of lower density and lower con- 
ductivity near the heating surface 
whose temperature is naturally higher. 
This can lower the intensity of heat 
transfer and worsen the temperature 
conditions on the heating surface. 

In horizontal tubes of a diameter 
more than 15-20 mm, even il heated 
uniformly over the periphery, internal 
heat transfer in the upper portion 
is much worse than in the lower, 
which is due to asymmetry of the 
mixture flow under the effect of gra- 
vitational forces. For this reason, 
the range of deteriorated heat trans- 
fer is larger in horizontal tubes than 
in vertical. In inclined tubes, even 
when heated uniformly over the pe- 
riphery, unsymmetrical two-phase flow 
can also appear under certain condi- 
tions, resulting. in poor hoat transfor 
in the top portion of a tube. Thus, the 
region of deteriorated heat transfer is 
larger in inclined tubes than in ver- 
tical, but smaller than in horizontal 
tubes. 

At subcritical pressures and sepa- 
rated flow of the working fluid, heat 
transfer is unsymmetrical and the 
temperatures on the upper and lower 
surfaces of tubes are different (lig. 
10.9). Heat transfer at the upper tube 
surface, where the wall temporature 
is close to the saturation point, is 
worse than at the lower surface. This 
is associated with particular condi- 
tions of two-phase flow in horizontal 
tubes where the flow can be separated 
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Fig. 10.9. Overheating of the upper surface 
of a horizontal tube with a separated flow 
inside, relative to its lower surface 
i—p = 11 MPa; 2—p = 18 MPa; 3—p = 22.4 MPa 


by gravitational forces (see Sec. 9.3). 
Waves which form on flow separation 
can periodically splash onto the over- 
heated wall. Repeated water splashes 
cause a sharp cooling of the tube wall. 
Temperature variations in the metal 
can cause fatigue phenomena. For 
this reason, in free-circulalion boi- 
lers, which are characterized by low 
velocities of flow in evaporating Lubes, 
horizontal tubes are not heated. In 
once-through boilers, flow velocities 
are substantially higher, and therefo- 
re, flow separation does not occur wi- 
thin a widor range of heating loads. 

The superheating At of the upper 
portion of a tube relative to its lower 
portion (upon flow separation) can 
be somewhat diminished by increasing. 
the thickness of the tube wall and‘ 
the heat conductivity of the Lube me- 
tal, which causes heat to spread 
through the tube metal. 

At supercritical pressures, the wor- 
king fluid can separate in horizontal 
tubes by density in the vertical direc- 
tion. For this reason, under identical 
conditions, the temperature of the 
upper portion of a horizontal tube 
turns out to be higher than the wall 
temperature of a vertical tube. The 
ratio @io/@per depends on the en- 
thalpy of the flow and the parameter 
qiwp (Fig. 10.10). 

Finned tubes. As has been given 
earlier, under identical conditions the 
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Fig. 10.10. Ratio a)? /aoer at supercritical 


pressure (p = constant) 


heating load near the front wall ona 
smooth and a finned tube is roughly 
the same. This makes it possible lo 
calculate the wall temperature on the 
front surface of finned tubes of water 
walls (equal one-sided heating of pa- 
rallel tubes) as for smooth tubes [see 
formula (10.12)]. 

To estimate the reliability of the 
tube metal, it is essential to know 
the temperature of metal at the tip 
of fins. According to [414], with a 
symmetrical temperature field (the 
same diameter of welded tubes and 
the same temperatures of working 
fluid and heat-transfer cocfficients a, 
in the tubes), the temperature at the 
tips of the fins can be found from the 
formula: 


tje = ty + hypAty (40.13) 


The coefficient k„ considers the 
effect of welded seams; this can be 
taken from reference data. Tho tem- 
perature gradient between the root 
and tip of a fin can be found as: 





Imax ff A 
Aim 


where A is the coefficient of the fin 
shape depending on the geometrical 
characteristics hib, and b/b, of fins 
(lo be taken from reference data). 

The temperature in Lhe rool of the 
fins of a furnace water wall can be 
expressed by the formula: 


1, ê oy = 
tr = tj d Ber dmax [Eti aw | 


(10.15) 


For a platen wall, the temperature 
of a fin root is found from the for- 
mula 


i , ; 
t, = ty + 2Bu,-max [+t TFN ] 
(10.16) 


When it is essential to obtain the 
mass velocity of the flow, use is often 
made of mulli-pass hydraulic systems 
in the form of individual banks or 
sections connecled in series so that, 
as the working fluid flows through 
them, ils temperature and enthalpy 
gradually increase. On the other hand, 
these sections are arranged in parallel 
relative to the heat-transfer agent 
(combustion products), so that each 
of them absorbs roughly the same 
quantity of heat. Under such con- 
ditions, an unsymmetrical tempera- 
ture field can appear in the exlreme 
tubes of adjacent sections. If these 
tubes are welded togelher, as is done 
in gas-light waler walls, Lhe lempe- 
rature difference between connected 
fins can give riso Lo appreciable tem- 
perature stresses, sometimes causing 
fracturing in the welded sections. 

Temperature asymmetry in gas-tight 
(membrane) walls creates the problem 
of proper temperature distribulion in 
such walls. The problem is solved by 
applying the superposition principle: 
wilh a number of external actions, 
it is assumed that their effects can 
be added together. The quantity of 
heat absorbed by a finned tube con- 
sisls of two components: the heat 
absorbed in the cylindrica] portion 
(from the front point to the fin root) 
and the heat absorbed in the fin pro- 
per. Each of these portions has a par- 
ticular Lemperalure field which can 
be added Ltogether to obtain the total 
temperature field of a finned tube. 

Problems will temperature sym- 
metry (Fig. 10.144) are solved by as- 
suming Lhat the heat absorbed by the 
connecting piece between two tubes 
is distributed evenly between the tu- 
bes, and thal the maximum of lem- 
perature is in the middle of the piece. 
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Fig. 10.14. Temperature distribution in a 
connecting piece 


4a) thermal symmetry, (@) = (2); (4) asymmetrical 
conditions, t{}) > (2) 


With temperature asymmetry (Fig. 
10.115), the temperature maximum 
is shifted towards the tube with a 
lower temperature level, so that the 
distribution of heat between the tu- 
bes will be uneven: it will be divided 
in proportion to the length of the 
piece from the point of the highest 
temperature to a particular tube, i.e. 
mH for the tube at a higher tempe- 
rature and (1 — m) H for that at a 
lower temporature, where m is the 
coefficient of displacement of the tem- 
perature maximum; ils calculations 
can bo found in reference books [14]. 

Temporature conditions in a finned 
tube arc determined by ils thermal and 
geometrical parameters. In Fig. 10.12, 
typical temperature fields arc shown 
in terms of excessive temperatures, 
i.e. temperature difforences botween 
the metal and the working fluid, for 
a developed half-tube. For all the cur- 
ves shown, il is typical that tho hi- 
ghest temperature is in the front zone 
of a Lube and at the Lip of fins. Bet- 
ween these points, the temperature 
decreases monotonically from the front 
point to the fin root, then rises sub- 
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Fig. 10.12. Temperature distribution over 
the outer surface of a finned tube of water 
wall (a) at different values of internal heat- 
transfer coefficient a, (aj < a] < af); (b) at 
different relative pitch s/d (8 > P > s) 


stantially at the fin tip and again de- 
creases from the fin tip to the rear side 
of the tube. 

The effect of deposits on temperature 
conditions on heating surfaces. We 
have discussed temperature condi- 
tions on clean (deposit free) heating 
surfaces. Such conditions can be en- 
sured by proper organization of the 
processes of steam generation. On the 
other hand, in boiler operation there 
is almost always a potential danger 
that deposits will form from impuri- 
ties which are present, in a dissolved 
or suspended stale, in walor (see Chs. 
14 and 15). 

When deposits are present on the 
inner surface of tubos, the wall tem- 
perature is found from the formula: 


1 ôu 
ti =tytdin( got ce) (10.17) 
With a largor thickness dyep of tho 
deposited layer and with a lower heat 
conductivity Agen, the thermal re- 
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sistance across the wall to the working 
fluid ishigher, and thus, the wall will 
have a higher Lemperature. The conduc- 
tivity of deposits depends on the com- 
position of impurities in the water 
and may vary within very wide li- 
mits—from 0.1 to 0.5 W/(m K) for 
mineral deposits and up to 3-5 W/ 
/(m K) for ferric oxides. Since the 
conductivity of deposits is substan- 
tially lower than that of the metal, 
even slight deposits, in a layer of 
only a few fractions of a millimetre, 
in the tubes of water walls, which are 
heated quite intensively, can raise 
the wall temperature to a value that 
is inadmissible for reliable operation 
of the tube metal. Since d eposits grow 
gradually during boiler operation, 
this circumstance limils the conti- 
nuous operation of a plant. For this 
reason, one of the most essential prob- 
lems in boiler operation is to prevent 
or restrict the formation of deposits 
on the steam-water side of heating 
surfaces (for more detail see Ch. 45). 


10.5. Heat Exchange in Steam 
Generators of Nuclear Power Stations 


The unit heating load on the surface 
of fuel elements is quite high (1 000 
kW/m? or even more). This circum- 
stance makes the appearance of poor 
cooling conditions in fuel elements 
very probable. 

The steam-generating channels of 
nuclear reactors have an intricate sha- 
pe. In reactor construction, wide use 
is made of heating surfaces in the form 
of bundles of heat-releasing rods bet- 
ween which the heat-transfer agont 
flows in a longitudinal direction. 

The geometry of channels formed 
between the rods may have a signi- 
ficant offect on the hydrodynamics of 
the working fluid: the flow rates thro- 
ugh the cells of a rod bundle may turn 
out to be different or the velocity of 
the working fluid may vary over the 
cross section of a cell; this may result 
in the formation of differing cooling 
conditions over the periphery of the 
rods. With uneven heat absorption, 
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which always takes place over the 
cross section of the core (especially 
with intensive heating which is typi- 
cal of nuclear reactors), the differences 
in the flow rates of the working fluid 
in the cells and over the periphery 
of rods may result in different unit 
heat absorption dg/d (wp) (per unit 
flow rato of the coolant) and the ap- 
pearance of temperature gradients bet- 
ween the rods. Since there is no acti- 
ve turbulent mass exchange of the 
fluid through the narrow spaces bet- 
ween the rods in th: cells, the velo- 
city ficld of the working fluid may 
be distorted oven more by deforma- 
tion (bending) of the rods under the 
action of temperature gradients. 

The critical heat flow at which de- 
teriorated conditions of heat transfer 
can appear on heating surfaces de- 
pends on the following principal fac- 
tors: steam content z, mass velocity 
wp, and pressure p. For a system of 
parallel channels in a boiling reactor, 
theso parameters are average if cach 
of the channels receives the same quan- 
tity of the working fluid, so that the 
heat transfer crisis in rod bundles 
is qualitalively the same as in evapo- 
rating tubes, but the quantitative 
relationships turn oul to be substan- 
tially different. Considering all the 
geometry specifics of rod assemblies 
and the conditions of their operation, 
differences in unit heat release or heat 
absorption can result in differences in 
the flow rate wp and steam content z. 
Since qep is a decreasing function of 
z, a boiling crisis is more likely to 
occur in the space between tubes at 
a lower limiting steam content than 
in tubes, 

Various types of flow whirlers aro 
mounted in the outlet section of a reac- 
tor channel to increase its power; 
they are often made integral with 
spacers. Under the effect of whirlers, 
water droplets are thrown from the 
flow core onto the walls and reple- 
nish the moving liquid film on the 
walls. Thus, a boiling crisis caused by 
liquid film drying is delayed and at 
the outlet the sleam-generating reac- 
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tor can operate al a higher steam con- 
tent. 

In steam generators operating in com- 
bination with pressurized water-cooled 
reactors or sodium-cooled fast-neutron 
reactors, during evaporation the wor- 
king fluid passes through the same 
stages as in organic-fuel steam boi- 
lers. The only point of significance is 
that deteriorated heat transfer in the 
steam generators of nuclear reactors 
does not involve failure of the appa- 
ratus, since the temperature of its 
elements cannot exceed that of the 
heal-transfer agent. However, an in- 
crease in the length of the boiling cri- 
sis zone, where the inlensity of heat 
transfor is low (seo Sec. 10.2), re- 
sults either in an increaso in the steam 
generator size or in a loss of its capa- 
city. 
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Moreover, the wall in the zone of 
liquid film drying is alternately wa- 
shed with liquid and steam, causing 
temperature pulsalions in the wall 
(which can be quite substantial in 
liquid-metal] heating) and varying stres- 
ses in the metal, which can result in 
tube cracking. 

All these phenomena are probable 
in steam generators where the working 
fluid moves in the narrow cells of a 
channel or in channels of a substantial 
length. 

On the other hand, boiling crisis im 
the reactor core is extremely dango- 
rous. To prevent its occurrence in wa- 
ter-moderated water-cooled power reac- 
tors, the heat-transfer agent of the 
primary circuil has a Lemperature a 
few tens of degrees below the boiling 
point (subcooling margin). 


HYDRODYNAMICS OF OPEN HYDRAULIC SYSTEMS 


11.1. Classification 
of Open Hydraulic Systems 


The principal diagrams of open 
hydraulic circuits in heating surfaces 
are shown in Fig. 14.4. In any circuit, 
the reliable operation of the steam- 
generating channels depends substan- 
tially on stabilily of motion, i.e. a 
stable flow rate of the working fluid 
through parallel tubes and channels. 
Under particular conditions (pres- 
sure, mass velocily, enthalpy of the 
working fluid at tho inlet, heating 
intensily) and depending on the de- 
sign of tho steam-generating channels, 
unstable motion of the working fluid 
(i.e. with a variable flow rate) can 
appear in them. One must distinguish 
between slatic and dynamic instabi- 


lity. Since instability, per se, is a 
dynamic process, the term ‘static 
instability’ is rather conditional. 
Under statically unstable conditi- 
ons, the flow rates through various 
tubes (channels) are different and 
may vary in time with an appreci- 
able frequency. The flow rate in in- 
dividual tubes may turn out to be 
insufficient to ensure proper heat- 
transfer conditions. Varying condi- 
lions of cooling of the tubes and va- 
riations of the wall temperature may 
cause thermal fatigue of the metal. 
In some cases, especially in operation 
at variable or off-design loads, dyna- 
mic (or oscillating) instability of mo- 
tion appears in the form of excessive 
flow pulsations which lead to vari- 
able flow rate of the working flnid, 
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, Heating surfaces 
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(L) 
(m) 


Fig. 14.1. Principal types of hydraulic circuits with forced motion of the working fluid 
da) horizontally wound water wall tubes; (b) vertical arrangement of water wall Lubes; (c) U-shaped water 
wall: (d) N-shaped water wall; (e) multi-pass water wall with vertical tubes: (/) multi-pass water wall with 
horizontal tubes; (g) L-shaped platen; (A) double L-shaped platen; (i) horizontal platen, (7) U-shaped platen; 
qk) multi-pass vertical platen; (i) vertical convection bank; (m) horizontal convection bank 


decreased crilical heating load, cyc- 
lic temperature variations in the hea- 
tod walls and, as a final result, to 
emergency situations. 

Oat of all the causes of hydraulic 
instability, and therofore, of maldi- 
stribution of heat, special attention 
should be given to the effect of an 
unsteady hydrodynamic characteris- 
tic, flow pulsations and hoadors on 
. he distribution of the flow betwoen 
parallel tubes. The pressure gradiont 

n heated tubos can bo represented as 

the sum Ap = Apy, + Ap; + Apac 
+ App (seo Sec. 9.4). Combining the 
hydraulic resistances in a single torin, 
Ap,, + Ap; = Apn we obtain: 


Ap = Apne + APac $ ÂPn 
(44.4) 


In once-through boilers with hori- 
zontal or slightly inclined tubes (Fig. 


{1.1a), the length Z of a single tube 
may be as high as a few hundred me- 
tres and tho tube has a large number 
of bonds and therefore, a high hydrau- 
lic resistance Ap,,. The hydrostatic 
component Ap, of the total pressure 
gradiont in such a circuit is not large 
in view of the small height of the 
circuit compared with the length 
of the developed tube, i.e. H < L. 
The resistance duo to flow accelera- 
tion Apae is also not large, especially 
at a high pressure. Therefore, the 
total pressure gradiont in a circuit 
with horizontal or slightly inclined 
tubes is mainly determined by the 
hydraulic resistance: 


Ap = Apnr (11.2) 

Boiler circuits with vertical ascen- 
ding or ascending-descending motion 
of the working fluid (Fig. 11.18 to e) 
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Fig. 11.2. Hydraulic characteristics: (1) 
stable, (2) unstable 


are charactorized by a smal] number 
of passes, and therefore, by a relati- 
vely short tubes and low number of 
bends. The hydraulic rosistance of 
such circuits is low. The hydrostatic 
head in vertical tubes, however, ma- 
kes up a substantial portion of the 
total pressure gradient, especially at 
low loads when the contribution of 
the hydraulic resistance is substan- 
tially lower. Thus, 


Ap = App, + Ap, (11.3) 


The ratio between Ap,, and Ap, 
in the total pressure gradient may 
have a vital effect on the hydraulic 
Stability of the flow in straight-flow 
elements. The hydraulic stability of 
flow is described by the hydraulic 
characteristic which gives the total 
pressure gradient Ap as a function of 
the flow rate G of the working fluid: 
Ap = f (G). If all tubes in an element 
are of the same diameter, the hydrau- 
lic characteristic is a function of the 
mass velocity: Ap = f (wp). 

The hydraulic characteristic is unam- 
biguous if a particular total pressure 
gradient in the tubo system has only 
one corresponding flow rate of the 
working fluid (curve J in Fig. 11.2), 
and ambiguous if the same total pres- 
sure gradiont can appear at two or 
more different flow rates (curve 2.) 

The hydraulic characteristic may 
become ambiguous on a change in the 
thermophysical properties of the wor- 
king fluid, say, the unit volume, which 
may be caused by a change from one 
flow rate to another (see Sec. 14.2) 
or under the effect of hydrostatic 
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head (see Sec. 11.3). The situation is 
complicated even more by the fact 
that the effect of hydrostatic head 
in ascending and descending motion 
of the working fluid is different. All 
this results in intricate analytical 
relationships which are represented 
graphically for each particular object: 
hydraulic circuit, geometrical para- 
meters of the tube system, pressure, 
enthalpy of the working fluid al the 
inlet, etc. 

The hydraulic operation of any 
circuit is described by its hydraulic 
characteristic. However, because of 
the above-mentioned specifics of hyd- 
raulic systems with horizontal and 
vertical tubes, their hydraulic cha- 
racteristics will be analyse separa- 
tely. 


11.2. Hydrodynamic Stability 
of Flow in Horizontal 
Evaporating Tubes 


The decisive factor that determines 
the hydraulic characteristic of eva- 
Porating tubes is the temperature of 
the fluid at the tube inlet. It may 
be equal or close to the saturation 
temperature at the pressure at the 
tube inlet, tın 7% t’, or be substantially 
lower than that temperature, tin < t’. 

If a tube is supplied with subcooled 
water, steam generation begins not 
immediately at its inlet, but a cer- 
tain distance downstream. The whole‘ 
length of the tube can then be divided 
into two portions: the economizer por- 
tion and the evaporating portion 
(Fig. 11.3), their lengths being deter- 
mined by the ratio between the heat 
release and flow rato of water. 
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Fig. 11.3. Variations of the working fluid 
parameters in a heated tube at tin < ¢’ 
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For the same heat release rate, an 
increase in the water flow rate in- 
creases the length of the economizer 
portion while shortening that of the 
evaporating portion, which is asso- 
ciated with a lower quantity of steam 
produced by the heated tube. 

If a tube has an economizer portion 
(Fig. 11.3), we have: 


Apa (Wp) Vrelec 
HÈ (WP) oen (L—tec) (14.4) 


The unit volume of the working 
fluid in the economizer and evapora- 
ting portions is different. The lengths 
of these portions are different too. 

The unit volume of water varies only 
slightly along the economizer portion, 
and therefore, we have: 


vot 
2 


v 
= 





Vec = (11.5) 
In the evaporating portion, the unit 
volume of water changes sharply, and 
it is roasonable to take its mean value 
in calculations. For tubes that are 
heated uniformly along their length, 
quite accurate results are obtained 
by assuming a linear law of variation 
of the steam content in the flow, and 
therefore: 
Dey = vf HE") (11.6) 
With uniform heating, the heating 
load per metre of tube length, q; = 
= Q/l, is constant. The length of the 
economizer portion will] then be found 
as 


., G Alzu 
lee = (P — ig) g L= Ate Pe (11.7) 


and the length of the evaporating 
portion: 


leo =l — lee 


(11.8) 


Substituting Vees, lecs Vep, and ley 
into equation (11.4) and arranging 
the terms according to the powers 
of (wp), we obtain the cubic equation: 


Ap = A (wp) — B (wp)? + C (wp) 
(11.9) 
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where 
E(u" —v') Alt, yf 


a= Adr 


(41.10) 


r 


B= ¥ [A oroo] (11.11) 


and 
_ Ev") lq 
Cate ta 


Wy (11.12) 

If there is no water subcooling at. 
the inlet of an evaporating tube, 
âismb = i’ — ig =O and the coeffi- 
cient A turns to zero and B changes 
sign. Equation (11.9) then takes the 


fo m: 


Ap = B (wp)? + C (wp) (11.43) 


i.e. it is a quadratic equation which 
expresses unambiguously the hydrau- 
lic characteristic. 

Equation (11.9) is the equation of 
the hydraulic characteristic of an 
evaporating tube at Aia > 0, i.e. 
in the presence of economizer portion. 
In this case, the hydraulic characteri- 
stic is described by a cubic equation 
whose solution can have either one 
real and two imaginary roots, or all 
three real roots. In the former case, 
the characteristic Ap = f (wp) has nei- 
ther extrema nor common points with 
a horizontal tangent (curve J in 
Fig. 11.2) and is unambiguous, since 
any value of pressure gradient Ap 
has only one corresponding flow rate 
of the working fluid, wp. In the latter 
case, the characteristic has an inflec- 
tion point and two extrema; it is 
ambiguous, since any value of pres- 
sure gradient Ap has three corres- 
ponding different flow rates (curve 2). 
Ambiguity of the hydraulic characte- 
ristic will become clear from the follo- 
wing reasoning. For the same heat- 
release rate, as the flow rate of water 
subcooled under the saturation point 
increases, the volume velocity of the 
mixture is not increased, but decrea- 
sed. An increased flow rale of sub- 
cooled water leads to an increase in 
the length of the economizer portion 
and in the quantity of heat spent for 
heating the water to boiling. Accor- 
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Fig. 11.4. Effect of the flow rate of sub- 
Cooled water in a steam-generating tube on 
flow velocity at tube outlet 
i-¢—water flow rates 


dingly, there remains less heat avai- 
lablo for evaporation, and therefore, 
the velocity at tho outlet decreases 
substantially (Fig. 11.4). This con- 
tinues until the evaporating portion 
disappears in the tube. As soon as 
steam genoration is interrupted, a 
further incroase in the flow rate of 
water causes a proportional riso of the 
velocity along tho whole longth of 
the tube, and therefore, a change in 
tho hydraulic resistance of the path. 
As the water flow rate increases, the 
hydraulic resistance of the economizer 
portion, Ap,,, increasos while that 
of the evaporating portion, Ape», 
decreases. Depending on the ratio 
between Apec and Ap,,, tho total 
hydraulic resistance of the path may 
either increaso or decrease with an 
increase of the load in a particular 
range of flow rates, resulting in the 
hydraulic characteristic boing eithor 
unambiguous (steady-state) or ambi- 
guous (unsteady-state). 

Lot us consider the hydraulic cha- 
racteristic of a once-through element, 
which has three real roots by equation 
(11.9), soe Fig. 11.5. At vory low 
flow ratos of water, (wp) < (wp), and 
superheated steam will form at a 
given hoat rolease rato, since the path 
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Fig. 11.5. Region of the hydraulic characte- 
ristics of a tube producing steam-water 
mixture 


has neither an economizer nor evapo- 
rating portion, but is essentially a 
superheater along its whole length. 
At very high flow rates of water, 
(wp) > (wp),,, the available heat is 
insufficient to heat the water to the 
saturation point, there is no steam 
generation, and the whole path is 
essentially an economizer which deli- 
vers wator. For those extreme cases, 
the hydraulic characteristic is des- 
cribed by the parabolic equation: 
— g (up)? 
Ap=——— v (11 14) 

As follows from this equation, with 
the same mass velocity of the flow, 
the resistance to the motion of steam 
is greator than that to the motion of 
wator, since v, is greater than »,,. 

If a steam-water mixture forms in 
the path [the range of flow rates 
(wp), < (wp) < (wp),,], the characte- 
ristic may become unstable and the 
flow ratos may vary, so that a stoam- 
water mixture with widely different 
steam contents will be delivered pe- 
riodically. Some of these steam con- 
tents may turn out to be excessive for 
the given heat release rate, meaning 
that the cooling of the tubes will 
become unreliable. 

An unstable hydraulic characteri- 
stic can result in differont flow rates 
through individual parallel tubes that 
are connected to a common header. 
A more dangerous situation, however, 
results when the flow rate through a 
tube changes. For the samo heat re- 
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Fig. 11.6. Effect of pressure on the stability 
of hydranlic characteristic (P, < P, < P) 


lease rate, this can cause temperature 
variations in the tube wall and the 
appearance of critical fatigue stresses 
and, eventually, damage of the evapo- 
rating tubes. 

Since the ambiguous hydraulic cha- 
racteristic is mainly duc to a large 
difference between the unit volumes of 
water and steam, an increase in pres- 
sure can make the characteristic more 
stable and the motion of the working 
fluid more steady-state (Fig. 11.6). 

As noted earlier, instability of the 
hydraulic characteristic is associated 
with the presence of an economizer 
portion in a tube. For this reason, 
with a higher degree of water subcoo- 
ling at the tube inlot, the characteri- 
stic is less stable (Fig. 11.7). On the 
other hand, if subcooling is decrensed 
by raising tho inlet temperature close 
to .t’, another problem may result: 
as the steam-wator mixture enters the 
inlet header of a bank of evaporating 
tubes, it will be separated into steam 





Fig. 11.7. Bifect of water subcooling at the 

inlet of a steam-generating tube on the stabi- 

lity of hydraulic characteristic (p con- 
stant) 
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Fig. 11.8. Transformation of an unstable 
hydraulic characteristic into stable by throt- 
tling subcooled water flow 


and water in the header, so that some 
tubos will receive more water and 
less steam than others, i.e. the flow 
rates of water and steam in them will 
be sharply different and uncontrol- 
lable; this can lead to overheating, 
and even burn-through of the evapo- 
rating tubes which are heated quite 
intensively in the boiler furnaces. 

For tho above reasons, once-through 
boilers are made with a non-boiling 
economizer section. No-boiling condi- 
tions must be ensured not only at tho 
rated load, but also in operation under 
any load and with any kind of fuel for 
which the boiler has been designed. 

An unstable hydraulic characteri- 
stic can be stabilized by introducing 
an additional resistance in tho econo- 
mizer portion of the hydraulic system, 
which will vary by a parabolic law 
depending on the flow rate of the 
working fluid. As shown in Fig. 11.8, 
the initial and the additional charac- 
teristic are added graphically so that 
the resulting characteristic is stable. 
The hydraulic resistance of the econo- 
mizer portion is usually increased 
by two methods: by increasing its re- 
sistance locally (mounting an orifice 
plate) or at an appreciable length 
(providing a stepped tube). 

Orifice plates. Orifice plates produce 
a pressure gradient proportional to 
the square of the flow rate of the 
single-phase fluid that passes through 
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them: 


Apor = Eor “EX v = Wor (wp)® (11.15) 
where &,, is the coefficient of resi- 
stance of the orifice plate; Yor = 
= bor (v'/2). 

Orifice plates are mounted at the 
inlet to evaporating tubes which have 
an economizer portion, i.e. in a place 
where the flow is single-phase. 

Noting equations (11.9) and (41.15), 
the total resistance of a tube with 
an orifice plate is described by the 
equation: 

Ap = A (wp)? 
+ (Vor — B) (wp)? + C (wp) 
(41.16) 


Unambiguity of the total characte- 
ristic is not a sufficient condition, 
since slight variations in the pressure 
gradient can cause substantial chan- 
ges in the flow rate (Fig. 11.9). For 
this reason, the total characteristic 
should have a certain degree of steep- 
ness, i.c. the relative variation in 
the flow rate of the working fluid 
should exceed the relative variation 
of the pressure gradient by at least 
three times. 

Stepped tubes. The required degree 
of throttling of the flow to obtain a 
stable hydraulic characteristic can 
also be achieved by increasing the 
hydraulic resistance of the coils in the 
economizer proper. For this purpose, 
the tubes in the economizer portion 
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Fig. 11.9. Effect of insufficiently stable cha- 
racteristic on the waler flow rate in a steam- 
gencraling tube 
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Fig. 41.40. A stepped tube (a) and varia- 
tions of flow velocities in it (b) 


are of a smaller diameter than in the 
evaporating portion, i.e. a stepped tube 
is employed. This increases the flow 
velocity and hydraulic resistance in 
the economizer portion where the 
unit volume of the working fluid is 
relatively low, and diminishes the 
velocity and hydraulic resistance in 
the evaporating portion where the 
steam content of the mixture increa- 
ses gradually (Fig. 11.10). 

The hydraulic characteristic of hori- 
zontal evaporating coils at supercri- 
tical pressures can also be ambiguous. 
Its ambiguily is determined by the 
unit enthalpy and the unit volume 
of water at the inlet. When the water 
enthalpy at the inlet is substantially 
lower than the enthalpy of phase 
transition, the characteristic will be 
ambiguous. When ¿ın increases, it’ 
becomes more stable. For this reason, 
hydraulic characteristics are calcu- 
lated for the minimum inlet enthalpy 
of water that is probable in operation. 
In the region of supercritical pressu- 
res, an increase in inlet pressure can 
also improve the stability of the 
hydraulic characteristic. 


11.3. Hydrodynamic Stability of Flow 
in Vertical Evaporating Tubes 


In vertical tube walls with ascen- 
ding or ascending-descending motion 
of the working fluid and a small num- 
ber of passes (II-, U- and N-shaped 
sections, Fig. 11.1) whose height is 
comparable with the length of the 
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Fig. 14.14. Hydraulic characteristic of a 
vertical uptake tube 


developed tube, the hydraulic cha- 
racteristic is also determined mainly 
by the pressure and the degree of water 
subcooling at the inlet. The hydrau- 
lics in such tubes are strongly influ- 
enced by the hydrostatic head Ap,- 
The hydrostatic component of the 
total pressure gradient is substantial 
both at subcritical and supercritical 
pressures. There is no principal diffe- 
rence in the magnitude of Ap, in 
those cases, but Ap, has a stronger 
effect at subcritical pressures. 

In a single-pass vertical uptake sec- 
tion (Fig. 11.11), the working fluid 
has to overcome hydraulic resistance 
and hydrostatic head, so that both 
these terms are positive in formu- 
la (41.3) and the pressure gradient 
between the upper and lower header 
of the section is determined as their 
sum: 


Apii= APar + Apn (11.17) 


For ə given heat release rate and 
a flow rate close to zero, the tubes 
are filled with steam which has a low 
density, and therefore, the hydrosta- 
tic component in this zone can be 
neglected. 

As follows from Fig. 14.11, the 
hydraulic characteristic of such a 
section is stable, that is, each pres- 
sure gradient has a single correspon- 
ding definite flow rate. 

With descending motion of the 
working fluid in tubes (Fig. 11.12), 
the hydraulic resistance Apar is posi- 
tive while the hydrostatic head in 
formula (11.3) is negative, since it 
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Fig. 11.12. Hydraulic characteristic of a 
vertical downtake tube 


acts in the direction of fluid motion. 
Therefore, the pressure gradient bet- 
ween the headers is determined as the 
difference of these terms: 


Ap! = AP hr — APh (11.18) 


With descending motion, the flow 
rate of the working fluid may be un- 
stable, which means that a single 
value of the pressure gradient may be 
associated with two widely different 
flow rates. The zone of ambiguity 
in real tube sections may involve a 
wide range of flow rates [up to 1 000- 
2 000 kg/(m? s)]. 

By comparing Figs. 11.14. and 11.12, 
we see that Ap, improves the hydrau- 
lic characteristic of an ascending flow 
and adversoly affects that of a descen- 
ding flow. 

In tube systems with ascending- 
descending motion (II-shaped secti- 
ons), the hydraulic resistance is over- 
come in both directions, and there- 
fore, is determined as the sumfof re- 
sistances in the ascending and des- 
cending portions: ZAppr =;APas + 
+ Apges- The hydrostatic component 
for the ascending clement, Apf* (curve 
Ap?! in Fig. 11.43a) is similar to 
that shown in Fig. 11.411, since the 
enthalpy of fluid at the inlet, iim, 
has been assumed, for simplicity, to 
be independent of the flowrate, i.e. 
constant. The beginning of the des- 
cending elemont of a tube is the con- 
tinuation of the preceding ascending 
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11.13. Hydraulic characteristic of a 
M-shaped heated tube 
Ato heat absorption by the tube 


Fig. 


element in which enthalpy ¿ini va- 
ries according to the flow rate at a 
given heat release. With a smaller 
flow rale of the working fluid, ijn, 
is higher (curve Z in Fig. 11.138), so 
that the enthalpy of the working fluid 
sharply increases in the desconding 
element of the tube (curve Z7), espe- 
cially in the outlet portion. With a 
decrease in the flow rate, this results 
in an essential decrease in the flow 
density and, accordingly, in the hya 
rostatic component Ap?’’. 

Adding together the hydrostatic com- 
ponents for the aeon and des- 
cending element, Ap/* and Af", we 
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Fig. 11.14. Hydraulic characteristic of a 


U-shaped heated tube 


obtain the hydrostatic head X Apa in 
a [I-shaped section. 

The total hydraulic characteristic 
of a T]-shaped section 


SAp = XApr + Ap, (44.19) 


may be ambiguous in a wide range 
of flow rates of the working fluid 
(Fig. 11.13a). 

Figure 11.14 shows the total hyd- 
raulic characteristic and its compo- 
nents for a U-shaped section, which 
has been constructed according to the 
method discussed above. Tho hydrau- 
lic resistances in tho ascending and 
descending branches are positive and 
are thus added together (X Apar). The 
hydrostatic component in the des- 
cending branch, Ap#’, is negative 
and the onthalpy of fluid at tho inlet 
to this branch, i;,, is assumed to be 
constant and independent of the flow 
rate. The beginning of the ascending 
motion coincides with Lhe end of the 
descending motion. The hydrostatic 
component of the ascending motion 
is positive, hut the enthalpy at the 
inlet Lo the ascending portion (in the 
point of transition from descending 
to ascending flow), ijn;, is dependent 
on the flow rate. At low flow rates, 
im, is high and the density of the 
fluid is low, which has a retarding 
effect on the rise of the hydrostatic 
head with the increasing flow rate 
in that zone. Only in the zone of 
large flow rates at which the quantity 
of heat per unit flow rate of the wor- 
king fluid is not as substantial, i;,, 
becomes lower and the hydrostatic 
head Apj* becomes much larger. Tho 
resulting curve of hydrostatic heads is 
denoted as LAp, in the figure. As 
may be seen, the total hydraulic cha- 
racteristic of a U-shaped section is 
ambiguous in a wide range of flow 
rates of the working fluid. 

Hydraulic characteristics of N-sha- 
ped and more complicated multi-pass 
systems can be obtained in a similar 
manner. As follows from the above 
analysis, the hydrostatic pressure gra- 
dient improves the hydraulic charac- 
teristic of an ascending flow and ad- 
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Fig. 11.15. Ambiguous 


(a) of g single tube 


versely affects that of a descending 
flow. In this respect, a U-shaped cir- 
cuit is better than a Il-shaped, since 
the working fluid in its outlet por- 
tion, where it has a high steam con- 
tent, and therefore, lower density, 
moves upwards and the effect of the 
hydrostatic head is positive. The 
hydraulic characteristic is improved 
even more in an N-shaped system 
wilh an inlet header arranged at the 
lop and an outlet header at the bot- 
tom. In addition, this system has two 
ascending portions per one descen- 
ding. In general, tube sections with 
a low number of passes have cither 
an ambiguous or insufficiently stable 
hydraulic characteristic. 

With an increasing number of pas- 
ses in a hydraulic system, the effect 
of hydrostatic component on the total 
pressure gradient diminishes, but the 
role of hydraulic resistance becomes 
more significant. When the number 
of passes is greater than 8-10, the 
hydraulic characteristic of a multi- 
pass system approaches that of the 
horizontal evaporating tubes. 

An unstable hydraulic characteri- 
stic of a single tube (channel) with 
ascending or descending motion of 
the working fluid under the action of 
hydrostatic head is realized in the 
whole region of ambiguity (curve 
2-3-4-5 in Fig. 11.152), since the flow 
rate is determined by external con- 
ditions, i.e. by pump capacity. Real 
heating surfaces consist of a large 
number of parallel tubes. In multi- 
lube systems, the tolal flow rate of 
the fluid is also delermined by pump 


a (5) 


hydraulic characteristics 


+ (b) of a tube system 


capacity, bul the flow rates through 
individual tubes may turn out lo be 
different. As has been established by 
experiment and confirmed by expe- 
rience, hydraulic characteristics in 
such systems are realized only in as- 
cending portions (the leflmost curve 
1-2-3 and the rightmost curve 4-5-6 
in Fig. 11.150). A decrease in the flow 
rate in a tube near a minimum of the 
hydraulic characteristic (at point 4) 
will cause a sudden drop in the flow 
rate and a change in the conditions 
described by point 2. A rise in the 
flow rate at a maximum of the ceha- 
racteristic (near point 3) can lead 
to a sudden increase in the flow rate 
in some tubes of the circuit and a 
change in the conditions of point 5. 
The descending branch of the charac- 
toristic (portion 3-4) is not realized, 
except for cases where the system 
does not have many tubes (three or 
four). In this region of flow rates, unam- 
biguous motion cannot be ensured 
with the result that the flow rate 
oilher jumps into the region of lower 
values (left-hand branch) or into that 
of higher values (right-hand branch), 
while tho total flow rate of the working 
fluid remains unchanged. 

Operation on the left-hand branch 
of the characteristic usually cannol 
maintain the required temperature 
conditions of intensively heated eva- 
porating tubes. The sole real region 
of operation of a once-through circuit 
is the right-hand branch of the charac- 
terislic which includes ambiguous and 
unambiguous portions. In the unam- 
biguous portion 4-6 of that branch, 
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Fig. 41.16. Effect of maldistribution on the 
working fluid flow rate in parallel tubes with 
stable hydraulic characteristics 


--hydraulie characteristic of an Mement, 2- 
hydrautic etuuracteristic of a malfunctioning tube 


the velocity of the working fluid is so 
high that it often Lurns out to be unfea- 
sible. Thus, one must operate on the 
ambiguous portion 4-5 for which the 
boundaries of reliability should be 
determined. In circuits composed of 
parallel tubes of the same design and 
heated identically, stability in the 
region of an ambiguous hydraulic cha- 
racteristic can be onsured for the 
entire external (ascending) branch of 
the characteristic (portion 4-5 in Fig. 
41.156). 

In a system of parallel tubes, heat 
absorption is always different in view 
ofjthe structural and hydraulic noni- 
‘dentity of the tubes (see Sec. 11.4). 
Therefore, some tubes whose operating 
conditions deviate from the average 
values for the system (malfunctio- 
ning tubes) have a different hydraulic 
characteristic than is average for the 
system. As seon from Fig. 11.16, 
even with an unambiguous characte- 
ristic of the system, different (but 
stable) flow rates of the working fluid 
may appear in a reference tube and 
malfunctioning tubo. 

With parallel operation of a system 
of tubes with different ambiguous 
characteristics, three cases are pos- 
sible: tha pressure gradient between 
the header of the system at the mini- 
mum of the hydraulic characteristic 
for a malfunctioning tube can be 
either (a) smaller than the pressure 
gradient in the circuit (Fig. 11.17@), 
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Fig. 11.17. Hydraulic characteristics of M- 
shaped circuits 
J—element; #—malfunctloning tube 


(b) greater than that pressure gradient, 
(Fig. 11.175), or (c) equal to tho pres- 
sure gradient in the circuit. These 
cases are analysed with a gradually 
decreasing total flow rale of tho wor- 
king fluid, and therefore, a decrea- 
sing pressure gradient between the 
headers of the hydraulic system. 

In the first case, when the pressure 
gradient in the system exceeds the 
pressure gradient at the minimum of 
the characteristic of the worst mal- 
functioning tube, Ape > Apmin. i.e. 
of the malfunctioning tube whose mi- 
nimum of the characteristic is higher 
than the minimum of the characteristic 
of the main number of tubes, three 
operating points are possible on each 
of the curves (7’, 7” and 7” on the 
general characteristic of the main 
number of tubes and 2’, 2” and 2” 


on tho characteristic of the malfunc- 
tioning tube). Points 7” and 2” on the 
descending branches of the characte- 
ristics cannot be realized (sce Fig. 
41.15b). Points Z’ and 2’ on the loft- 
hand ascending branch of the charac- 
teristic are also not realizable as long 
as the condition Ap, > Apmin is 
satisfied. This moans that unfavou- 
rable conditions in an element with 
a low flow rate of the working fluid 
can be prevented by providing a flow 
rate at which the pressure gradicnt 
in the characteristic of the main num- 
ber of tubes will bo higher than the 
pressure gradient at the minimum of 
the hydraulic charactorislic of a mal- 
functioning tube, (wp) o, > (wp)my- 

With Apo < Apmin, there are no 
working points on the descending and 
right-hand ascending branches of the 
characteristic of a malfunctioning tube. 
Under such conditions, the only re- 
maining points which correspond to 
the two different flow rales of the 
working fluid are 2’ and J”. At one 
of them (point 7”), a high flow rate 
is established, which ensures stablo 
operation of the majority of tho tubes 
in the circuit. At point 2’, the flow 
rato is too low for proper cooling of 
the worst malfunctioning tube, with 
tho result that the tube system will 
be unreliable. 

With Ap, = Apmin, the flow rate 
at the minimum of the characteristic 
of a malfunctioning tube is unstable. 
In this case, a pressure gradient in 
the tube system has two different 
corresponding flow ratos. One of them, 
in the malfunctioning tube, has a low 
value, 2’, which cannot ensure proper 
cooling conditions. The other flow 
rate, 7” on the characteristic of the 
majority of the tubos, ensures propor 
cooling of these tubes. Tho flow rates 
in points 7’ and J” for an average ele- 
ment are unreal for the reasons given 
earlier. Tho condition Ap, = APmin 
determines the boundary of stability 
of a malfunctioning tube, i.e. the 
extreme stale up to which the ope- 
ration of the wholo circuit can bo 
stable. 
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As regards the stability conditions, 
the lowest mass velocity allowed in 
a system is expressed by the inequality 


(WP). => m (WP) my (11.20) 


whore (wp)m; is the mass velocity in 
a system of tubes (channels) on an 
external branch of its hydraulic cha- 
racteristic in the point corresponding 
to the minimum of the hydraulic cha- 
racteristic of a malfunctioning tube, 
(wp). is the mass velocity in the 
system, and mm is the reserve factor, 
which is assumed to be equal to 1.5. 

Stable operation in the region of 
ambiguous hydraulic characteristics 
can be ensured by throttling the flow 
by means of orifice plates or stepped 
tubes. Another method is to carefully 
select the mass volocity wp of the 
working fluid at the rated healing 
load of a particular waler-wall section 
so as to ensure reliable cooling of the 
tubes at n given minimal heating 
load in view of their thermal and 
structural non-identilty, thal is, to 
run the circuit on an external ascen- 
ding branch of its hydraulic charac- 
teristic, d (Ap)/d (wp) > 0. The latter 
method is preferable, since it doos 
not require tube throttling. In most 
cases, orifice plates are employed 
when it is necessary to equalize the 
flow rates of the fluid through paral- 
lel hydraulic elements, such as soc- 
tions of furnace water walls. In some 
cases, flow stability can be achieved 
more efficiontly by changing over to 
another scheme of tube connection 
which has no downtake tubes. 

The stability of the hydraulic charac- 
toristic can be affocted not only by 
heated (evaporating) tube sections, 
but also by unheated steam-circula- 
ting tubes. For instance, Fig. 11.18 
shows an unlucky arrangement with 
external unheated stoam-circulating tu- 
bes connected to a lower header. The 
hydrostatic hoad in the tubes is noga- 
tive and tho circuit is essentially a 
II-shaped system with an ambiguous 
hydraulic characteristic. With hydrau- 
lic maldistribution and too low wor- 
king fluid velocities (due to a low 
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(a) 


gradient Ap,), ambiguity of tho cha- 
racteristic may result in section 2 
malfunctioning and having a low flow 
rate on the left-hand branch 2’ of the 
characteristic. Thus, under completely 
favourable operating condilions in sec- 
tions 7 and 3 (the corresponding flow 
rates are denoled as 7’ and 3’), sec- 
tion 2 will operate unreliably. Ro- 
liable operation in the circuit can be 
achieved by providing a pressure gra- 
dient Ap, at which the working points 
will be on the extreme branches of the 
characteristics of all the sections and 
will have close velocity values. It is 
also possible to eliminate ambiguity 
of the hydraulic characteristics of the 
sections by providing a mixing header 
at their top. 

The operation of complex circuits 
with a number of once-through elc- 
ments is analysed by using their re- 
sulting hydraulic characteristics. The- 
se are obtained graphically by adding 
the characteristics of individual ele- 
ments together, taking account of the 
scheme of their connection. If some 
elements are connected in scries, the 
flow rate of the working fluid is the 
same in all of them. For this reason, 
the resulting characteristic is const- 
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Fig. 14.18. I[-shaped circuit with un- 
heated downtake tubes (a) and its 
hydraulic characteristics (b) 
t-3--parallel heated water walls and thelr 
respective hydraulic characteriniies, 4— 
unhealed Howataky tutis; d- upper niixing 
wader 


rucled by adding together the charac- 
teristics of the elements at. the same 
flow rate of the working fluid (Fig. 
11.19a). The hydraulic resistance of 
such a system is higher than the 
resistance of anyone of its elements. 
In complex once-through circuits com- 
posed of a number of elements con- 
nected in parallel, the hydraulic re- 
sistances of the elements are constant. 
The general characteristic of the sys- 
tem is obtained by adding together the 
characteristics of the elements taken 
at the same pressure gradient in the 
circuit (Fig. 141.196). In such a case, 
the hydraulic resistance of the circuit 
is smaller than Lhal of anyone of its 
elements. 


11.4. Maldistribution of Heat 


For reliable operation of a heating 
surface (section), it is extremely im- 
portant that all its parallel tubes 
operate under rated (average) con- 
ditions. In practice, however, one 
has to bear in mind that the tubes of 
a section may have different hydrau- 
lic characteristics (due to variations 
in their diameter, length, surface 
roughness, effect of headers, or effect 
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Fig. 14.19. Summation of hydraulic characteristics for series connection of once-through 
elements (a) and for their parallel connection (b) 
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of instability in operation of evapo- 
raling tubes) and different thermal 
charactoristics (different heat absorp- 
tion duc to their different arrangement 
relative Lo the flow of combustion pro- 
ducts, uneven slagging. fouling, etc.). 

Differences in the hydraulic and 
thermal characteristics of tubes are 
especially evident in high-capacity 
plants with developed heating surfa- 
ces where deviation of some eloments 
from the raled condilions are more pro- 
bable. Under such conditions, the 
working fluid may be distributed 
unevenly between the tubes, and there- 
fore, its unit enthalpy at the outlet 
of some tubes may differ substantially 
from the average value. In some mal- 
functioning tubes, dangerous tempe- 
rature condilions may appear. 

The reliable operation of a once- 
through element. can be characterized 
by two groups of factors: 

(a) parameters of an element that 
operates under average conditions in 
the system: 


ber, Nien Ger, Gets “els Hei 


(b) parameters of a malfunctioning 
tube (or channel): 
tai Aimy, Gmi» mf mj» H mi 
where G is the flow rate of the wor- 
king fluid in an element, q is the 
quantity of heal transferred to it, 
Ai is the heat absorbed by an ele- 
ment, H is tho arca of a heating sur- 
face, z is the coefficient of hydraulic 
resistance, and ¢** is the temperature 
of the working fluid at the outlet from 
parallel tubes; the subscripts ‘el' and 
‘mf’ sland respectively for an element 
under average conditions and a mal- 
funclioning tube. 
Let us introduce some additional 
designations: 
Ph = Gmj/Get (11.24) 


is the coefficient of hydraulic maldi- 
stribution; 


(414.22) 


is the coefficient of maldistribution of 
heal; 


Pq = Aimy Aie 


(11.23) 


Via = Ample 


is the coefficient of non-uniform heat 
absorption; 
Na = ZmylZet (11.24) 


is the coefficient of hydraulic non- 
uniformity; 


Natr = HaylHet (41.25) 


is the coefficient of structural non- 
identity. 

Taking tho coefficient of maldistri- 
bution of heat as a basis, we can estab- 
lish the relationship between tho coef- 
ficients indicated: 


Ain j 


J any ll mys 
Pq = Aiel 


G m? 





ellle or 
a (11.26) 


or, on substituting the corresponding 
values from (11.21), (11.23) and (14.25): 
fae YaaThetr (11.27) 
Pah 
The coefficient of structural non- 
identity nssr is not associated with 
the processes which occur in a tube 
system; it is usually estimated as 
Nester = 0.95-1. 
The coefficients of thermal and 
hydraulic maldistribution are inler- 
related as follows: 


Pq = NhalPh (11.28) 


Maldistribution of heat may be 
caused by different thermal characte- 
ristics of parallel tubes, while hydrau- 
lic maldistribulion is due to differen- 
ces in their hydraulic characteristics. 
As follows from equation (11.28), 
maldistribution of heat can be caused 
either by different’ heat absorption, 
by hydraulic maldistribulion, or by 
both. Maldistribution of heat depends 
not only on the extent of thermal non- 
uniformity and hydraulic maldistri- 
bution, but also on a particular com- 
bination of these two factors. Tubos 
which are heated the most intensively 
and, on the other hand, with the 
lowest flow rates through them, turn 
out to be operating under the most 
dangerous conditions. If the greatest 
differences of various kinds (in heat 
absorption, flow rate, structural dif- 
ferences, etc.) are found not in a single: 
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tube, but in various tubes, they all 
should be checked separately for mal- 
distribution of heat. Those with the 
worst maldistribution of heat should 
be checked additionally for long- 
term strength and scaling conditions. 

Hydraulic maldistribution. In a sy- 
stem of parallel tubes connected to 
headers at the inlet and outlet and 
with forced motion of the working 
fluid, measures should be taken to 
-distribute the fluid evenly between 
the tubes. Under practical conditions, 
the distribution of flow rates is al- 
ways more or less uneven, i.e. hydrau- 
lic maldistribution occurs [see for- 
mula (t1.24)]. Hydraulic maldistri- 
bution may appear due to hydraulic 
non-identity of the parallel tubes, 
which may be caused by differences in 
their hydraulic resistance, due to the 
header effecl, or through pressure va- 
riation along the length of the header 
(see Sec. 11.5). This kind of maldistri- 
bution appears mainly in the heating 
surfaces of superheaters and, lo a 
lesser extent, in economizers. 

To derive the equation for hydrau- 
lic maldistribution, let us write the 
equation for lotal pressure gradient in 
an element: 

wp), - 
APet = Zet Seaia Ver + (wp) (uj! — vin 


gg AP hea + Ap; (1 1.29) 


cand similarly for a malfunctioning 
tube 


ep) - 
A Pmi = Zm 77 a Vmi 


+ (wp)ins (0 — vn) + Api g t Apr 
(11.30) 


When there is a large number of 
parallel tubes, the effect of a change 
in heat absorption in a malfunctio- 
ning tube on the total pressure gra- 
-dient can be neglected, and therefore, 
Ape: = constant. Since the pressure 
gradient between the inlet section of 
the supply header and the outlet sec- 
tion of the discharge header is the 
‘same for all the tubes which are con- 
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nected in parallel in the system, it 
can be written thal Apmy = Ape. 

Solving simultaneously equations 
(41.29) and (441.30), we obtain the 
expression for hydraulic maldistribu- 
tion: 


x (wp) ms 
A (Pier 
——___—____ —> 
vV zever +2 (vf! — ofh) 
ZmpUmj +2 (vr! — vm) 
— 


x (1- 5APhead + APh (11.31) 


ÂPhr + Pac 


where SAP head = ADrend = ADhead is 
the difference of pressure gradients in 
the headers between the sections with 
a malfunctioning tube and an clement, 
6Ap, = Ap}! — Ap? is tho diffe- 
rence of hydrostatic heads in the mal- 
functioning tube and element, Api, 
and Apac are taken for the element. 

Hydraulic maldistribulion in super- 
heaters and non-boiling economizers. 
The formula for the coefficient. of 
hydraulic maldistribulion acquires the 
simplest form for non-boiling eco- 
nomizers in which the working fluid 
in a horizontal or ascending motion, 
has an ample reserve of subcooling. 
In this case: Ver ve; = constant, 
Vet Umyi the difference of hydrosta- 
tic heads between a malfunctioning 
tube and clement and the resistance 
due to flow acceleration are negli- 
gible: 5Ap, ~0, Apac Z0. With a 
uniform water supply to and removal 
from the headers, the coefficient of 
hydraulic maldistribution for these 
conditions is determined by the ralio 
of the coefficients of hydraulic resi- 
stance: 


7 el 2 hn) a 
PE i, (11.32) 
With the working fluid supplied to 
and removed from a header through 
its end faces, the header offect is sub- 
stantial and the formula for hydraulic 
maldistribution takes the form: 


fA 
Pa z- } Th (4 





a SAPhead ) 


aes (10.33) 
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In non-boiling convective economi- 
zers with horizontal tube coils, the 
coefficient of hydraulic maldistribu- 
tion usually does not exceed 0.9. 
If downtake motion takes place in a 
non-boiling economizer and the hydrau- 
lic characteristic may be ambiguous, 
the hydrostatic component should be 
taken into account; this is also neces- 
sary for all boiling economizers. 

Hydraulic maldistribution in super- 
heaters heavily doponds on differences 
in the total coefficients of tube resi- 
stance, and in their heat. absorption, 
and on pressure changes along the 
headers. Neglecting the pressure varia- 
tion caused by steam flow accelera- 
tion, we gel: 


SEFT 
Ph y ET a (1-- 





ÖA Phead HA ph ) 
APhr 
(11.334) 


The header effect should be consi- 
dered when  dAppega? APur > 0.05. 
The hydrostatic component of the 
total pressure gradient is substantial 
only in single-pass superhealers al 
DAP APh > 0.05. 

Hydraulic maldistribution in the zo- 
nes of sudden changes in the unit 
volume of the working fluid. In modern 
once-through boilers. steam-generating 
elements are usually arranged in the 
lower radiation section which is heated 
the most intensively. 

The combination of a substantial 
hydraulic maldistribution and inten- 
sive heating can, under certain con- 
ditions, result in a sharp rise in Lem- 
perature and unit volume of the wor- 
king fluid in a malfunctioning tube, 
reduction in the flow rate through it, 
and overheating of the tube metal 
until burn-out. occurs [35]. Hydraulic 
maldistribution in such tubes may 
appear on an appreciable change in the 
unit volume of the heated working 
fluid. It appears mainly in the heating 
surfaces of the high-heat capacity 
zones of supercritical-pressure boilers, 
in the evaporating surfaces of sub- 
critical-pressure boilers, and in boi- 
ling economizers. 


In some cases, the hydraulic cha- 
racterislic is stabilized by mounting 
orifice plates al. the entry to tubes. 
In sleam generation zones, the pres- 
sure losses Apa, and Apnega are usu- 
ally neglected. For such conditions, 
and noting the assumptions made ear- 
lier, formula (41.31) takes the form: 


i el 
>= eV Zeel“ r Felder + Bortar, (4 ae bApn ) 
ZmfUm4 |- a m! APhr 
(14.35) 
mf mf 


where si, Ea, von vor arethecoefficients 
of resistance of the orifice plates and 
unit volumes of the fluid flowing 
through the orifice plates mounted in 
un element and malfunctioning tube. 

The difference in hydrostatic heads 
between a malfunctioning tube and 
an olement can be written in the fol- 
lowing form: 


6A p, = Ap™ — Apl 
= {LE (apy — E (hp) teal 
—{= £ (hp) -EI (hp) ral} g 
= {È (hp — z (hp) ies] 
—|2 (hp) ses —2 (hp) esl} g (11.36) 


Water walls of steam boilers in 
high-capacity monobloc units are made 
in the form of vertical sections, hori- 
zontally coiled sections, U- and N- 
shaped seclions, multi-pass sections 
with horizontal ‘tubes, etc. Hydraulic 
maldistribution in some of these types 
will be discussed below. 

Horizontal circuit. In horizontal] tu- 
bes there is no hydrostatic head, and 
therefore, the formula of hydraulic 
maldistribution with throttling takes 
the form: 


Pr = \/ 


If there is no throttling, 
is la 


Ph — |. 


Pe ee ae 
Feel es (11.37) 


Sm fYaif i Sor Vor 


the formula 





= A As Vel 
| Wh Vms 


(11.38) 
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Vertical circuit, In vertical circuits, 
the hydrostatic head has a vital effect 
on hydraulic maldistribution. In some 
particular cases, and taking into con- 
sideration the effect of various fac- 
tors lin formula (11.36)], the equation 
for hydraulic maldistribution (11.35) 
takes the form: 

single-pass ascending section: 


pyre ] Ji tet Pet 


Wh mf 


ogh (Pet EE Pms) 


y -| = a 
Zeer (p) 


single-pass descending section: 
1 ty 
Ph y iy. bas 

\ { = 2gh (Per — Pm) 


Zetter (wp) 
two-pass U-shaped section: 


(11.39) 


(11.40) 


j i te 
Pr | Th = 


Umt 
x V t= 
(11.41) 


As follows from formula (411.38), 
the coefficient. of hydraulic maldistri- 
bution in horizontal tubes doponds on 
the ratio between the thermal and tho 
hydraulic characteristics in an cele- 
ment and a malfunctioning tube. 

In vertical tubes, hydraulic maldi- 
stribution also depends heavily on the 
hydrostatic component and its contri- 
bution lo the total pressure gradient 
between the discharge and supply hea- 
ders, i.c. the ratio between Ap, 
and Appr. 

On the other hand, the relation bet- 
ween the increments of enthalpies in 
a malfunctioning tube and an ave- 
rage clement is characterized by the 
coefficient of maldistribution of heat 
Pq see formula (11.22)]. Assuming a 
number of values of pg = Aim;/Aten 
one can determine the coefficient uf hyd. 
raulic maldistribution 0,=(wp) 7 /(wp)or 
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Fig. 11.20. Maldistribution characteristics 
of a once-through cleans at p = 24 MPa 
and dinm $200) kJ/kg 


kJ/kg: 7—400, 2—Gun; 3- 1 Oo 
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and, from expression pp = na/Pq: the 
corresponding coefficients of non- 
uniform heal absorption Naa. With 
the known values Aims and ipn. we 
can find the unit enthalpy of the 
working fluid at the exit from a mal- 
funclioning lube, and therefore, its 
temperature ff. Using these data, 
we can construct maldistribution cha- 
racteristics which show variations in 
the coefficient of hydraulic maldistri- 
bution and temperature of the working 
fluid at the exit from a malfunctio- 
ning tube depending on the coefficient 
of non-uniform heat absorption, i.e. 
Pr = f Mra) and ty = f Gina), see 
Fig. 11.20. 

The maldistribultion characteristics 
of more heavily heated tubes (Mra > 1) 
for pa are falling and for le, are rising. 
In a particular portion, curves of pa 
fall off steeply to a critical state when 
a slight increase of y,, can lead ta a 
sharp drop in the flow rate and an 
increase in ¢,,. This is associated with 
the fact that in the region of high 
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heal capacities even a slight increase 
in the unit enthalpy. which can always 
occur in some tubes, can cause a 
sharp increase in the unit volume of 
fluid, v, and therefore, in hydraulic 
resistance. This in turn leads to a lo- 
wer flow rate through the tube, i.e. 
maldistribution in the tube is aggra- 


vated further, while the unit heat 
absorption Ai increases along with 


the volume of fluid in il, v. The pro- 
cess continues until a flow “rate is 
established which has a corresponding 
stale of maldistribution of heat at a 
given heating load. In some cases, 
this may lead to emergency situations. 

The allowable heating load is estab- 
lished for the particular operating con- 
dilions of a heating surface. For steam 
superheaters in which the outlet por- 
tions of tubes operate under almost 
extreme temperalure conditions, the 
allowable heating load should not 
exceed 15% of the total heat absorp- 
tion by the superheater. For better re- 
liability, the tube system of steam 
superheaters is sectionalized in the 
steam path. 

Economizers are mounted in re- 
gions of moderate heating rales, and 
water in them has a relatively low 
temperature. For economizers, ther- 
mal maldistribution of 50% or more 
is allowable. For this reason, it is not 
necessary to sectionalize the econo- 
mizers in the water path. 

In evaporaling tubes, temperature 
is relatively low (boiling point). If 
there are no flow disturbances. and 
therefore, heat is removed properly, 
the temperature of the tube walls 
usually exceeds thal of the working 


fst 
section 


2nd 


Fig. 11.21. Headers and their con- 
section 


nection with the tube system of 
healing surfaces 


(2) Hoear connection, (b) flow trans- 
fer through mixing headers; (o flow 
iraasfer throneh crossover tiles 


fluid by only 20-30°C. An appreciable 
maldistribulion of heal might he al- 
lowed here, bul adverse temperature 
conditions are likely lo occur in eva- 
poraling tubes, especially al high 
heating intensities. For this reason, 
maldistribution of heat in evaporating 
tubes should be not more than 20-40%. 

In supercritical-pressure boilers, 
the zone of high heat capacilios is 
most sensitive to variations in heat 
absorption. In this zone, the thermo- 
physical properties of the working 
fluid vary most significantly with va- 
riations in enthalpy. Therefore, it is 
especially important to construct the 
characteristic ta; = f (Nna) for this 
zone. 


11.5. Effect of Headers 
on the Distribution of Working Fluid 
Belween Tubes 


There are three main types of hea- 
ders (Fig. 11.24): (a) supply, or dist- 
ributing, headers, 1, which distribute 
the working fluid between parallel 
lubes connecled Lo thom; (b) discharge 
headers, 2, which receive fluid from a 
number of parallel tubes; and (c) 
intermediate, or mizing, headers, 3, 
which are used Lo equalize non-identity 
in tube operation. 

Mixing headers are most efficient 
when the flow is single-phase (either 
steam or water). They are often employ- 
ed to equalize non-identical operation 
of tube coils in superheaters, 

Supply and discharge headers have 
different effects on the operation of 
heating surfaces. In steam superhea- 
ters, Uheir effect depends heavily on 
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(a) (4) 


Fig. 11.22. Hydraulic characteristics of a 
Z-shaped superheater circuit 


ta) distribution of velocity and velocity 
(b) pressure distribution 


head; 


how steam is supplied to, or removed 
from, a header. In some plants, hea- 
ders were used in which steam was 
admitted and discharged as a con- 
centrated jet through the end faces. 

For instance, in a Z-shaped supor- 
heater circuit (Fig. 11.22), as steam 
is distributed between the coils, its 
axial velocity in the supply header, 
Win, decreases, and accordingly, the 
pressure head wi,p,/2 decreases and 
changes to static pressure Apip (Fig. 
41.22a). In contrast to this, the static 
pressure al the outlet from the dis- 
charge header, Ap‘i, decreases. As 
follows from Fig. 11.22b, the leftmost 
coils of the superheater operate at a 
pressure gradient Ap .oi; + Api? + 
+ Api, which is higher than the pres- 
sure gradient Ap-o;; in the rightmost 
coils. The difference between the pres- 
sure heads in the coils is equal to the 
sum of static heads in the supply and 
discharge header, i.o. Apt) + ApSf. 
The difference in pressure gradients 
appears not only between the extreme 
coils, but also between any two sections 
along the header length and is deter- 
mined as the sum of the respective 
values of Api}! and Ap{f for these 
sections. 

In other circuits with concentrated 
supply and removal of steam through 








Steam 
outlet 


——a 


Fig. 11.23. Pressure distribution in a M- 
shaped hydraulic circuit containing a single- 
phase fluid 


the header end faces, more favourable 
conditions can form, though the ope- 
ration of parallel tubes in the system 
may be substantially non-identical. 
For instance, with concentrated sup- 
ply and removal of steam through the 
header end faces in a []-shaped circuit 
(Fig. 11.23), the conditions of steam 
admission are similar to those of a 
Z-shaped circuit, so that the pattern 
of stalic pressure distribution along 
the supply header remains essentially 
the same, i.e. pressure increases along 
the motion of fluid. In the discharge 
header, stalic pressure decreases to- 
wards ils outlet. 

As follows from Fig. 11.23, the left- 
most coils are al a pressure gradient 
Api} + Apeoi: and the rightmost ones 
at Apeosr -+ ApSi. The difference in 
the pressure gradients between them 
is determined by the difference in the 
static heads in the supply and dis- 
charge header, Api} — Api. 

Since the unit volume of the fluid 
in the coils is higher upon heating 
than beforo heating, the effect of the 
dischargo headers on fluid distribution 
botween parallel coils in any hydrau- 
lic system is moro substantial than 
the effect of supply headers. 

The header effect can be decreased 
either by increasing Apear or by 
decreasing Ap,, in the headers. Both 
measures are inefficient, however, sin- 
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Fig. 11.24. Static pressure distribution along the length of a header depending on Lhe method. 
of supply and discharge of a single-phase flow 


ce the former requires a highor pres- 
sure in the boiler and a higher auxi- 
liary flow rate, whilo the latter re- 
quires larger headers, and therefore, 
more metal. 

The effect of velocity head can be 
diminished if steam is introduced and 
removed nol through the end faces of 
a header (as in Fig. 11.24a and b), 
but from ils middle (Fig. 11.24c). 
In this case the axial velocity of stcam 
decreases by 50% and the velocity 
head by 75%. Still better results can 
be obtained by distributed steam ad- 
mission to a supply header and dist- 
ributed removal from a discharge hea- 
der. With two supply or discharge tu- 
bes provided in a header (Fig. 11.24d), 
the axial velocity and velocity head 
can be diminished respectively to 1/4 
and 41/16 of their values in a header 
with a single tube. In modern boiler 
plants, fresh steam superheaters are 
connected to a number of supply and 
discharge tubes, so thal headers have 
only a slight effect on steam distribu- 
tion. In reheaters, where the resi- 
stance of tube coils is relatively low 
and the resistance of headers is high 
(because of high steam velocitics), the 
effect of headers can be substantial. 
In economizers, where the unit volume 
of water is naturally low and the axial 
velocity in headers inessential, the 
effect of velocity head presents no 
problem. In once-through boilers and 


multiple forced circulation boilers, 
the resistance of evaporating tube 
coils is high, so that the effect of pres- 
sure variations along the length of 
headers may be neglected. 


11.6. Flow Pulsations 


The sleady-stale operating condi- 
tions of a boiler may be disturbed by 
various factors, leading to pulsations 
in the working fluid flow. The distur- 
bing factors are variations in the hea- 
ting intensity, pressure, flow rale and 
temperature of feed water. There are 
two main types of flow pulsations: 
boiler pulsations and intercoil pulsa- 
tions. 

Boiler pulsations are oscillations in 
tho flow rale of the working fluid in 
individual elements, circuits or the 
whole plant. They may be caused by 
sharp variations in the indicated para- 
meters. In similar sections of parallel 
tubes, flow parameters vary synch- 
ronously. Boiler pulsations are atle- 
nuating (Fig. 11.25a); they disappear 
as soon as the disturbance is elimi- 
nated. 

Flow rate pulsations can attain a 
level characteristic for the given con- 
ditions, after which they do not dis- 
appear spontaneously (Fig. 11.25b). 
This means that the flow rate of 
water (wp). through some tubes first. 
increases to a maximum, then decrea— 
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Fig. 11.25. Pattern of attenuating oscilla- 
‘tions (a) and self-sustained oscillations (b) 
in a single tube of a once-through element 


ses, passes through the average value. 
drops to a minimum (sometimes nega- 
tive), and then increases again. This 
process may he repeated more than 
once. In this case, the flow rate of 
water in other evaporating tubes also 
pulsates, but the process is shifted in 
phase. Therefore, the flow rate of 
water through some tubes increases 
periodically while at the same time 
decreasing in other tubes, with the 
total pressure gradient between the 
headers of these tubes remaining the 
same. This phenomenon, called in- 
tercoil pulsation, can occur even at a 
‘constant tolal flow rate through the 
parallel tubes of a section. 

The pulsation period in once-through 
boilers may sometimes be as long as 
fractions of a minute or a few minu- 
tes. With a high amplitude of flow 
rale pulsations, this may be harmful 
to evaporating tubes, since heat trans- 
fer is impaired during the periods of 
low flow rate, resulting in tempera- 
ture variations in the tube walls 
(curve ¢,) and fatigue stresses in the 
metal, In horizontal tubes, phase se- 
paration of the flow may take place. 
creating the risk of overheating the 


upper surface of the tubes and forming 
fatigue cracks. 

Intercoi] pulsations can be charac- 
terized by the pulsation period + and 
amplitude (see Fig. 11.25), 

As has heen established, intercail 
pulsations obey the following regu- 
larities: 

(a) they can appear in some tubes 
of an evaporating section even under 
steady-state healing and hydraulic 
conditions in a boiler; 

(b) pulsations of the flow rate of 
the fluid in parallel tubes of a section 
are shifted in phase so that the total 
flow rate and other parameters of the 
fluid at the outlet from the heating 
section remain constant; 

(c) the amplitude of flow rate pul- 
sations al the inlet of a tube is much 
higher than the amplitude at its out- 
let, while the pulsation period is the 
same; 

(d) the highest flow rate of water 
at the inlel corresponds to the lowest 
steam flow rate al the outlet, i.e. 
the phases are displaced by 180”; 

(e) in intercoil pulsation, the pres- 
sure in evaporating tubes oscillates 
with a period equal to the period of 
pulsation of the fluid flow rate. 

Since intercoil pulsations are caused 
primarily by variations in the phy- 
sical properties of the working fluid 
in the zono where evaporation begins, 
the probability of their appearance 
decreases inversely with pressure. AL 
supercritical pressures, pulsations are 
less common and have a lower ampli- 
tude, but the pattern of flow rate 
pulsations al subcritical and supercri- 
tical pressure is essentially the same. 

Flow rate pulsations diminish with 
an increase in the mass velocity, owing 
to the resulting increase in hydraulic 
resistance in the economizer portion 
of the Lubes. The boundary mass velo- 
city in horizontal tubes at. which pul- 
sations can occur depends on pressure 
p. heating load q, length of the healed 
portion 2, and inner diameter of tu- 
bes d: 


(rp): ~ (wp) gh pa £ (11.42) 
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where (wp), is the boundary mass velo- 
city at a pressure 10 MPa which can 
be found on curves plotted for the gi- 
ven conditions of inlet throttling and 
subcooling, and &p is a correction fac- 
ior for (he given pressure. 

In vertical tubes (coils), the hydro- 
stalic component of the pressure gra- 
dient, Ap,, decreases the probability 
of the appearance of pulsations, and 
therefore, decreases (wp),,: 


(wp) = ¢ (wp) (11.43) 
where (wp)$ is the boundary mass ve- 
locity for a similar horizontal tube, 
{see formula (11.42)] and c is the 
coefficient for vertical tubes which 
can be found on curves: 


(wp), ; 

e= oe =A (Atim P) 

where Ai;, is the degree of subcooling 
of the working fluid at the inlet and p 
is pressure. 
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Ascending-descending and slightly 
inclined tuho elements in which Ap, 
does not exceed 10% are calculated as 
are horizontal tubes, with (wp), increa- 
sed by 20%. With a higher contribu- 
tion from the hydrostatic component, 
the calculation is done as for vertical 
channels. The actual mass velocity 
should always be greater than the 
boundary value: (wp), > (wp),. 

If this condilion is not satisfied, 
the hydraulic resistance of the econo- 
mizer portion of tubes can be increased 
by mounting orifice plates. Theso are 
arranged at the inlet of the Lubes. For 
once-through boilers, throttling con- 
ditions to avoid pulsations should 
be calculated for the lowest value of 
mass velocity wp. The degree of thrott 
ling required to prevent intercoil pul- 
sations also eliminates instability in 
the hydraulic characteristic of the 
coils. 


HYDRODYNAMICS OF CLOSED HYDRAULIC SYSTEMS 


12.1. Laws of Free Circulation 


Free-circulation boilers usually have 
a circulation circuit of evaporating 
tubes arranged in the boiler furnace. 
Continuous motion of water and steam- 
water mixture (circulation) is orga- 
nized in the circuit, which ensures con- 
tinuous and efficient removal of heat 
from the heating surfaces. This makes 
it possible Lo maintain the lempera- 
(ure of the Lube metal at a tolerable 
level and thus ensure the reliable and 
long operation of the circulation cir- 
cuit. 

Free circulation is produced by 
the driving circulating head Sa, which 


4o—v1524 


appears from heating the vertical up- 
take Lubes [sce formula (4.1)]. 

Let us write Bernoulli’s equation for 
each section of the circulation circuit. 
lt is assumed (Fig. 12.1) that a steam- 
water mixture of density pa moves in 
seclion 3-4, and, at the pressure in 
the drum, water of density p’ moves 
in the romaining path, i.e. in sections 
4-1-2-3. The reference plane is taken 
al the header level (2-3). 

For section 7-2 (downtake tubes) we 
have: 


(H —h) p'g + pit" 
~ Pe bo Ap (12.1) 
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Fig. 12.1. To derivation of the principal 
equation of circulation 


Similarly, for sections 2-3 (lower 
header), 3-4 (uptake tubes), and ¢-/ 
(water space of the drum) it can be 
written: 


2 
Pt p= Ps +o. “+ Apz-s 
(12.2) 
Ps +p’ = Hpg + Pa 
T 
+t pa + Ap3-4 (12.3) 


2 
Ho'e + pit st pa=(H—h) P'E +P, 
(12.4) 


2 
HEL p + Apis 
Adding together the pressure gra- 
dients in the sections of the circula- 
tion circuit and noting formula (1.1), 
we obtain: 


H (P — pa) g = EAprr = Sar 
(12.5) 


With steady-state motion, the pres- 
sure difference between the water co- 
lumns in the downtake tubes and the 
columns of the steam-water mixture 
in the uptake tubes is counterbalanced 
by the sum of hydraulic resistances 
to the motion of the working fluid in 
the circuit. Having related all resi- 
stances to the downtake and uptake 
tubes, we get: 


Sar = APas T APdes (12.6) 
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The difference between the driving 
circulating head and the resistance of 
ascending tubes is called the useful 
circulating head: 


Sus = Sar — Apas (12.7) 


Comparing formulac (12.6) and 
(12.7), we find tho principal equation of 
circulation: 


Sus = APdes (12.8) 


i.e. the useful circulating head is spent 
to overcome the resistance of the des- 
cending sections. 

The driving circulating head, and 
therefore, the useful circulating head 
depend heavily on the relative velocity 
of steam (w,) in the ascending tubes. 
With the same mass flow rate of the 
fluid, as the relative velocity of steam 
increases, the fraction of the tube cross 
section occupied by sleam, q, de- 
creases while Lhat occupied by water, 
(1— ọ), increases; thus, the density 
of the steam-water mixture in the 
ascending tubes increases. In turn, 
the relative velocity of steam, and 
therefore, ¢, Pm, and S,, depend on 
circulation velocity wy, resolved velo- 
city of steam w, pressure p, and tube 
diameter d: 


Pm = Í (wo, Wis P, d) 
Sus =f (wo, Wis P., d) 


These relationships aro rather com- 
plicated and have not yet been solved 
analytically. Their graphical solution 
is also impossible in view of Lhe large 
number of the parameters involved. 
For this reason, S,, is usually repre- 
sented graphically as a function of wọ 
at various values of w, and constant 
values of the other parameters (p, d). 
Figure 12.2 shows w,-S,, curves 
obtained at various values of resolved 
steam velocity w. For the same 
calculation velocily wo, as the heating 
rate is increased |(w;), > (w5),], the 
density of the steam-water mixture 
in ascending tubes decreases and Sy, in- 
creases. 

Under identical conditions, the use- 
ful circulating head depends on the 
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Fig. 12.2. Effect of circulation vélocity on 
the useful head at w = constant; (wi); < 
< (w5); 


pressure in the circuit (Fig. 12.3). 
At a higher pressure, the density of 
the sleam-water mixture in ascending 
tubes is higher, and therefore, S,, is 
lower. As pressure approaches the cri- 
tical value, Su, decreases to a rela- 
tively low value, so that free circu- 
lation becomes ineffective. The ulti- 
mate pressure at which reliable free 
circulation is still possible in boilers 
is equal Lo 18-19 MPa. On the other 
hand, even at supercritical pressures, 
but at low friction losses in the cir- 
cuit of once-through boilers, free cir- 
culation turns out to be sufficient to 
fire the boiler at a water flow rate that 
is reduced by 50% and with the recir- 
culation pump swilched off. 

The effect of relative steam velocity 
depends on pressure in the circuit. 
At a low pressure, large formations 
of steam are possible in a tube (slug 
flow), and the relative steam velocity 


Sus 


[oy p 
Aper Per 


Fig. 12.3. Effect of pressure on the useful 
circulating head 


1—w, neglected; 2—w, considered 


{0* 


is rather high. As the pressure and 
saturation temperature increaso, sur- 
face Lension decreases and ‘slugs’ break 
into finer bubbles, thus decreasing 
the relaLive steam velocily. At p/p., > 
> 0.7 (seo Fig. 12.3), the effect of 
relative steam velocity can bo neglec- 
ted. 

Let us recall that the actual den- 
sily of the sleam-water mixture pa 
depends on the actual volume steam 
content [see formula (9.40)]. Using 
equation (12.5), we obtain a conve- 
nient formula for the driving circu- 
lating head: 


Sar =H (p’ = Pa ge 
=Ho(p'—p")g (12.9) 


Formula (12.9) has been derived under 
the assumption that the asconding 
tubes of a circulation circuit contain a 
steam-water mixture along their whole 
height. Actually, developed boiling 
begins in the ascending tubes at a 
certain distance above the inlet and, 
accordingly, the whole length of the 
tubes should be divided into an eco- 
nomizer portion Hee and evaporating 
portion He». 

Tho section in which developed 
boiling bogins is called the boiling 
section (or boiling point). The height 
of the ovaporating portion in ascon- 
ding tubes can be found by the for- 
mula 


He = H— H, — (12.10) 


and substituted into formula (12.9) 
to determine the driving circulating 
head. 

With a non-boiling economizer, the 
water enthalpy at its outlet, ic, is 
less than i’, and therefore, the tem- 
perature of water in the boiler drum 
is below the boiling point. The quan- 
lily of boiling water that enters the 
drum is greater than the quantity 
of feed water by the magnitude doter- 
mined by the circulation ratio K, so 
that the degree of water subcooling 
in the drum can be found as 

l 


— i7 
Aig=—;* (12.14) 
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Therefore, in the general case, waler 
at the inlet to the descending tubes 
is subcooled*. The degree of sub- 
cooling increases as water moves in 
the descending tubes, which is due 
lo an increase in its hydrostatic 
pressure, and atlains a maximum in 
the lower header of the circulation 
circuit: 


Ait, = Ala 


AU, Abaes 
+5 PE (Maes AR) (42.12) 


p 


where a p'g is the change of water 


enthalpy per unit height, kJ/(kg m), 
and Apges is the hydraulic resistance 
of the descending tubes, Pa. 

This is the dogreo of subcooling 
that water has at the entry to the 
ascending tubes. As it moves there 
to the boiling section, the hydrostatic 
pressure decreases and subcooling di- 
minishes by the magnitude: 

: r, At’ i 
Alec = H aep g Ap (12.13) 

Therefore, the degree of water sub- 
cooling per unit flow rate (1 kg) up 
to the boiling section is 

S Ai‘ ’ Apa 
Aiut -5p P” g (Haes — Sides \ 
>A’ 
—Hep'ege (12.14) 
or for the Lotal flow rate of circulating 
water, G, kg/h: 


[Aiat o'g (Haes — 2E) 


(12.15) 
Assuming that heat absorption along 
the height of the circuil considered is 
constant, the heat absorbed for the 
same time in the economizer portion 

is: 
Qoe = eRe (12.16) 

He 
* When all feed water is fed to a bubble- 
cap steam washer (see Sec. 15.4), subcooling 
is eliminated by the partial condensation of 
bubbling steam. 
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where Q. is the heat absorption of 
the circuit, kJ/h, and A, is the 
heated height of the circuit, m. 
The height of the economizer por- 
lion can he found from the balance 
of heat for that portion, i.e. the quan- 
lity of heat that should be transferred 
lo water per unit time to preheat it 
to boiling in the economizer portion 
[formula (12.45)] and the quantity of 
heat absorbed for the same time by 
the economizer portion from the fur- 
nace [formula (12.16)]. Hence we have: 


Ai’ 7", A 
Ala+-5p Pk ( Hace — =p) 


Hee = O , A 
HG | Ap P& 
(12.17) 
12.2. Calculation 
of Circulation Circuits 
Free-circulation circuits may be 


cither simple or complex. In a simple 
circuit (lig. 12.4a and b), all ascending 
tubes have the same geometrical cha- 
ractorislics (diameter, length and sha- 
po) and arc heated under identical 
conditions. Simple circuits have no 
common elements with other circuits. 
An example of such a circuil is the 
water walls of boiler furnaces. Com- 
plex circuits (Fig. 12.4c) may have 
different geometrical characteristics 
and different healing conditions. They 





(a) 


Fig. 12.4. Diagrams of (a, b) simple and 
(c) complex circulation circuits 
¥—drum:; 2-- uptake tubes (water walls); 3-- header; 
4—downtake tubes; 3 -steam-circulating tubes 
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Fig. 12.5. Circulation diagrams of 
simple circuits 

(a) with steam-generating tubes connerc- 

ted directly to the drum; (b) with steam- 

circulating tubes; A—working point: 

wg- actual circulation velocity (water 


flow rate) 


may have common elements, such as 
descending tubes which supply the 
working fluid to the ascending ele- 
ments of all sections which form 
na complex circulation circuit [22]. 

Simple circulation circuits. The prin- 
cipal circulation equation (12.8) is 
solved graphoanalytically. Both sides 
of the equation depend on the water 
flow rale (circulation velocity), i.e. 
Sua = f (wo) and Apg., = f (w). With 
an increase in wọ, the useful circula- 
ting head decreases (see Fig. 12.2), 
while the hydraulic resistance of the 
descending elements of the circuit 
increases in proportion to the square 
of the flow rate. Intersection of tho 
curves Suas and Apg., determines tho 
working point A of the circulation 
diagram (Fig. 12.5a) whose coordina- 
tes satisfy tho circulation equation 
(12.8). 

Three different values of circula- 
tion velocity Wo, Woz, and Woz are 
given for constructing the circulation 
diagram. The calculation determines 
successively: the hydraulic resistance 
of the descending tubes in which 
water flows [see formulae (9.43) and 
(9.50)]; the respective heights of the 
economizer portion (12.17) and the 
evaporating portion (12.10); the rela- 
tive cross-sectional area occupied by 
steam (9.34); the driving circulating 
head (12.9); the resistance of the 
ascending portion in which the steam- 
water mixture moves (9.49); and the 
useful circulation head, (12.7). 

The results obtained are used to 








construct the circulation diagram 
(Fig. 12.5a), i-e. tho curves Su, = 


= f (wo) and Apges =f (Wo). Then 
the actual circulation velocity w% is 
found for the working point of the 
diagram; together with the quantity 
of steam formed in the circuit, G,, it 
makes it possible to determine the 
circulation ralio A. 

In modern steam boilers, primarily 
simple circulation circuits are emp- 
loyed in the form of water-wall sec- 
tions connected to steam-circulating 
tubes (Fig. 12.45). In such circuits, 
the driving head appears both in 
heated water-wal] tubes and unheated 
steam-circulating tubes, sinco these 
are also filled with the steam-water 
mixture (Fig. 12.50). l 

The corresponding useful heads are: 
SYP in heated water-wall tubes and 
Si; in unheated steam-circulating tu- 
bes. The tolal useful head of the 
circuit, Si, = Suv + Süs, is spent 
to overcome the hydraulic resistance 
of the descending tubes Apaes. The 
coordinates of point A at the inter- 
section of the curves determine the 
actual water flow rate in the circuit, 
G$, and useful head Sj,. The actual 
useful heads of the water-wall and 
slteam-circulating tubes are determi- 
ned by the ordinates of corresponding 
points on the curves at Gj. The total 
cross-sectional arca of steam-circula- 
ting tubes is smaller than that of 
water-wall tubes, and therefore, at 
high flow rates (G > Ger), thoir resis- 
tance may turn out to be higher than 








Fig. 12.6. Circulation diagram of a complex 
circuit 


tho useful head produced in them, 
that is, the useful head of water-wall 
tubes Si’ will be partially spent to 
overcome their resistance. 

Complex circulation circuils. For a 
complex circulation circuit with a com- 
mon downtake system (Fig. 12.4c), 
the curves of useful head aro construc- 
ted in the recommended sequence for 
each ascending section: Sua = 
=(S + Susi Suar = (Sus + Sus)u, 
Su slit = (Se? + Sum (see Fig. 12.6). 
Sinco all the sections of a complex 
circuit operate in parallel at tho same 
pressure gradient, their circulation 
characteristics are summed up by 
adding together the water flow rates 
at the same values of usoful heads 
(by the abscissae) to obtain the total 
characteristic DB. Additionally, a cur- 
ve of resistance of the downtake 
(water-feeding) section of the circuit, 
which is common for all ascending 
sections, is constructed (curve OC). 
The intersection of curves DB and OC 
gives the working point A of the 
circulation diagram, by which one 
can find the total wator flow rate 
in tho complex circuil, 2G, and the 
useful head S,,. 

Water flow rates in tho sections 
aro found by drawing the horizontal 
through the working point up to the 
interseclion with the curves of useful 
circulating head for each section. 
When the water flow rate and quantity 
of steam produced in each section 
are known, one can determino the 
actual values of w, and K and calculate 
Waee and the total circulation ralio 
for the complex circuit. 
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Nowadays, circulation circuits aro 
calculated by means of electronic 
computers. This makes it possible, 
without spending much time, to cal- 
culate various variants for various 
designs and operaling parameters of 
a boiler plant. 

Steam generators employed at nuc- 
lear power stations with water-cooled 
water-moderated reactors may bo either 
vertical or horizontal in design (see 
Sec. 24.2). In both types, the evapo- 
rating heating surfaces are formed 
by tube banks immersed into a large 
volume of boiling water. The mecha- 
nism and hydrodynamics of such 
syslems diffor from those of the cir- 
culation systems of conventional steam 
boilers (where boiling water moves in 
tubes) and have not been yet studiod 
properly. There are no reliable data 
for the circulation of the driving and 
useful circulating head nor reliable 
models of the mechanism of waler 
circulation through tube banks. Fur- 
thermore, ascending and descending 
elements of water flow cannot be 
distinguished clearly. 

On the other hand, water circula- 
tion in intertubular spaces is employed 
widely in the horizontal and vertical 
steam generators of nuclear power 
stations in the USSR and other count- 
ries. In vertical steam generators, 
a tube bank is surrounded by a shell, 
so that it is possible, with certain 
assumptions, to single oul the ascend- 
ing and descending portion of the 
circulation circuit. Calculaling the 
circulation circuit is not very diffi- 
cult and can be made by the standard 
method of calculating circulation in 
steam boilers discussed earlier. 

In horizontal steam generators, the 
ascending and descending portions of 
the circulation circuit aro not sepa- 
rated structurally. Circulation takes 
place in a largo volume with a tube 
bank immersed into it. For this rea- 
son, the pattern of water motion 
through freely immersed tube banks 
should be analysed before selecting 
the configuration of the circuit for 
calculation. 
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12.3. General Hydraulic Characteristic 
of Evaporating Tubes and Its Role 

in Estimating the Reliability 

of Circulation 


The general hydraulic characteristic 
of an evaporating tube relates the 
useful circulating head to flow rate 
and includes the ascending or des- 
cending motion of the working fluid. 
Before constructing the characteris- 
tics, let us consider the ‘laws of 
distribution of density of a steam- 
water mixture in an evaporating tube 
as a function of circulation velocity 
at a constant heating intensity. 

As seen in Fig. 12.7, if we neglect 
the relative velocity ofsteam w, (p=f) 
and friction in tubes Apj,, tho curve 
Pm Will be symmetrical and have 
a peak in a point corresponding lo 
the zero circulation velocity wy = 0 
and boundary density p”. In other 
words. with a zero flow rate of water, 
the tube will be filled only with 
steam. An increase in the water flow 
rate at a given heat release results 
in a denser steam-water mixture which 
at high values of w, is asymptotic to 
its extreme value p’. 

The general hydraulic characteris- 
tic of an evaporating tube in a circu- 
lation circuit for the given conditions 
(w, = 0 and Ap,, = 0) is a mirror 
image of the curve pm (curve Z in 
Fig. 12.8). For these conditions, p = B. 

As the circulation velocity wọ decrea- 
ses, the useful circulating head increa- 
ses symmetrically and in the limit 
approaches its maximum: 


SY = H (p — p°) g (12.48) 








Fig. 12.7. Variations of density P, of steam- 
waler mixture as a function of wy in ascend- 
ing and descending motion 





Fig. 12.8. Effect of the steam slippage and 
friction on the total hydraulic characteristic 
of a steam-generating tube 


1—theoretical circulating head (neglecting steam 
slippage and friction); 2—steam slippage conside- 
> g—steam slippage and friction considered 


The useful circulating head depends 
substantially on the relative velocity 
of steam, this effect being different 
depending on the direction of motion. 
In ascending motion, w, decreases @p 
and increascs Pm, resulting in a dec- 
rease of S,,. In contrast to this, with 
descending motion, w, increases @ and 
decreases Pm, and therefore, Sy, is 
increased (curve 2). As, however, the 
circulation velocity approaches zero, 
the highest useful circulating head 
will be lower than that found by 
formula (12.18). 

Friction forces are always directed 
opposite to the motion of fluid, and 
therefore, decreaso Su, in ascending 
tubes and increase it in descending 
ones (curve 3). 

The concept of zero circulation 
velocity is conditional, since an as- 
cending tube is heated and thus gene- 
rates steam in an amount correspon- 
ding to the absorbed heat. To generate 
steam, the tube must be fed with 
water. When there is no circulation 
through an evaporating tube, wator 
should be supplied at such a rato as 
to compensate for the quantity of 
steam generatod in the tube; this is 
called the make-up velocity Wmu. Tho 
term implics, firstly, that the quan- 
tity of water supplied to a tube is 
low and, socondly, thal water can 
enter the tube from the bottom as 
well as from the top, i.e. either ascen- 
ding or descending motion is possible 
in the tube. The region of very low 
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positive and negative circulation velo- 
cilies (hatched area in Fig. 12.8) is 
usually excluded from analysis. 
The right-hand branch of the gene- 
ral hydraulic characteristic corres- 
ponds to the ascending motion of 
fluid, and the left-hand one to the 
descending (reverse) motion. Tho rela- 
tive position of the branches depends 
on the pressure in the circuit. At a low 
pressure, the effect of relative steam 
velocity is high, and theroforc, the 
Jeft-hand branch passes highor than 
any point on the right-hand branch 
(Fig. 12.9a). In contrast to this, at 
a high pressure, the steam velocily 
and hydraulic resistance are low, and 
therefore, an appreciable portion of 
the left-hand branch lies lower than 
the portion of the right-hand branch 
in the region of low circulation veloci- 
ties (Fig. 12.95). In the right-hand 
branch, we can find point C which 
determines the flow rate of water at 
the make-up velocity, (wp)mu- The 
ordinate of that point gives us the 
useful head of stagnation Si, i.e. the 
head at which the working fluid 
virtually ceases to move, resulting 
in the phenomenon of circulation stag- 
nation. With circulation stagnation, 
water in a heated tube moves very 
slowly upwards or downwards, while 
steam moves only upwards and bubb- 
les through the column of water in 
the tube. Circulation stagnation may 


Fig. 12.10. Connections of evaporating 
tubes to the drum 


(a) Into the water space; (b) into the steam 
apace 


Fig. 12.9. Effect of pressure on the 
total hydraulic characteristic of a 
steam-generating tube 
(a) lower pressure; (b) higher pressure 


appear in circuits with evaporating 
tubes connected to the water space of 
the drum, i.e. below the water level 
in the drum (Fig. 12.10a). With tubes 
connected to the steam space of the 
drum (Fig. 12.100), the useful head 
of water, which moves very slowly, 
is insufficient to overcome the resis- 
tance of the downtake tubes and to 
raise the working fluid to the topmost 
level in the uptake tubes of the 
circuil. Thus, a frec water level can 
form under such conditions. The left- 
hand branch of the characteristic, 
which describes steady-state descend- 
ing motion, has a minimum in point B 
(sce Fig. 12.9). The transition from 
ascending to descending motion passes 
through the zero volocity and is 
called circulation reversal. The ordi- 
nate of point B gives us the useful 
head of reversal, S'S? , i.e. a head 
at which a change from ascending to 
descending motion occurs in an eva- 
porating tube. 

The distance between the horizon- 
tal line DE (Fig. 12.9) and the axis 
of abscissae is the pressure gradient 
in downtake Lubes Apge, = Sus Which, 
according to equation (12.8), deter- 
mines the working point A in the 
circulation diagram. As this pressure 
gradient increases (line D'E’ in 
Fig. 12.9), the water flow rate decrea- 
ses, but at low pressures the head of 
stagnation is achieved earlior, and 





12.3. General Hydraulic Characteristic of Evaporating 





Fig. 12.44. Non-uniform heat ab- 
sorption by parallel) tubes in the 
water walls of boiler furnaces 


(a) across the fumace width, (b) along 
the height where some tubes are shaded 
1o form a burner port 


therefore, circulation sLagnation is mo- 
re probable (Fig. 12.9a); at a high 
pressure, the head of reversal is 
achieved earlier and circulation rever- 
sal is more likely to occur (Fig. 12.9b). 

Circulation circuils are systems of 
tubes connected in parallel which may 
be heated differently under actual 
conditions in a boiler. Non-uniform 
healing of some tubes may he caused 
by structura] factors in the system 
or by operating conditions. For in- 
stance, tubes in the middle of a fur- 
Nace wall usually obtain a quantity 
of heal roughly twice thal absorbed 
by corner tubes (Fig. 12.11a). Tubes 
around burner ports and at a certain 
height above the port turn out to be 
shaded, i.e. they are not directly 
exposed to the radiant heat of flame 
(Fig. 12.41b). In the operation of 
solid fuel-fired boilers, especially when 
the combustion conditions are dis- 
turbed, some water wall tubes may 
be clinkered by slag across their 
width or along the height (Fig. 12.12a). 
Since slag has a low heat conductivi- 





Fig. 12.12. Non-uniform heat absorption by 
tubes of water walls (a) due to clinkering; 
(b) duc to misalignment of some tubes 
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ty, its layer will transmit substan- 
tially less heat. In some cases, say, 
if tube fastenings are loosened, some 
tubes may protrude from a tube 
row (off-rank tubes), Fig. 12.12b, and 
wil] obtain more heat, while adjacent 
tubes will he shaded by them and 
receive less heat. 

Figure 12.13a shows a system of 
parallel ascending tubes in a circula- 
tion circuit which have identical geo- 
metrical and structural characteris- 
tics. Suppose thal some of them are 
clinkered. Unclinkered (clean) tubes 
(say, tube 7) will operate under the 
rated conditions, i.e. they receive the 
specified quantity of heat and deliver 
the specified quantity of steam D. 
Let tube 2 be clinkered in the top 
half only so that no steam forms in 
that portion; the lower half will then 
absorb half the specified heat, so that 
the whole tube will produce D/2 of 
steam. Let tube 3 generate steam in 
a quantity D/2, but in contrast to 
tube 2, be clinkered in its lower half 
only. Let tube 4 be clinkered uniform- 
ly along its whole length to such an 
extent that it delivers steam in the 
same quantity D/2. Finally, tube ò 
is supposed to be clinkered along the 
whole height to such a degree that 
it does not receive heat at all, and 
therefore, produces no steam (D = 0). 
Assuming that all tho Lubes are heated 
uniformly along their height, it may 
bo taken thal the quantity of steam 
in them increases linearly (Fig. 12.136). 
As may be seen from the figure, 
differently heated tubes produce dif- 
ferent quantities of steam, and there- 
fore, develop different driving circu- 
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lating heads; clean tubes deliver the 
specified quanlily of steam and deve- 
lop the highest driving head: Sy, = 
= Hq (p’ — p°) g. On the other hand, 
the clinkered tubes which obtain the 
same quantity of heat and thus deliver 
the same quantily of steam D/2, are 
Slagged differently and will develop 
different driving heads (always lower 
than that in tho clean tubes), since, 
at the given heat absorption and the 
corresponding pa, Steam fills them to 
a different height: in tube 3, sleam 
forms only in the top half, H/2; in 
tube 4, il fills the whole tube height; 
in tube 2, it also fills the whole tube 
height, hut has a lower density. 
Figure 12.14 shows curves of useful 
circulating heads for a system with 
non-uniformly heated tubes. As has 
becn demonstrated, the driving cir- 
culating heads in the tubes are dif- 
ferent. In such a system, all the 
ascending tubes are connected to com- 





(a) 1 


Sus. SPaes 





Wg 0 wy, wy, 


Fig. 12.14. Effect of non-uniform heating 
of parallel evaporating tubes in a circula- 
tion circuit on the direction and velocity of 
circulation 
1—S.,, of strongly heated tubes (most tubes in 
the circult); 2—S ys of puorly heated tubes (some 
tubes in the circuit); s—S,, of the worst heated 
tubes (a few tubes in the circuit) 





J Fig. 12.13. Effect of clinkering of 
steam-generating tubes on the quan- 
tity of generated steam 


mon headers and operate under the 
same forced pressure gradient Ap which 
is equal to Su, [sco formula (12.8)]. 
Hence, the useful circulating head 
should be the same for all the tubes 
in the circuit. Owing to non-uniform 
heating, however, this usoful head, 
which is common for all the tubes, 
corresponds to different flow rates of 
the water that circulates in them. 
With generally favourable tempera- 
ture conditions for the main number 
of tubes, uneven heating may result 
in that little water will pass through 
some of the tubes. Thus, circulation 
disturbances, such as stagnation or 
even circulation reversal, are likely 
to occur in these tubes. 

Circulation circuits aro checked for 
circulation reliability, i.o. for the 
absence of circulation disturbances, 
by using the reliability criteria given 
below. The checking is done for the 
least heated tubes (with 10% reserve). 
The criterion of stagnation is: 


Sse > 1.1 (12.19) 
the criterion of circulation reversal is 
Sree Se > 1.1 (12.20) 


us 
and the criterion of freo water level is 
(St, — Apm) S, > 1.1 (12.24) 


where Apa: is the prossure loss for 
raising Lhe mixture above tho water 
level in the drum, /,,; (see Pig. 12.10). 

The phenomena discussed are extre- 
mely dangerous, since circulation stag- 
nation or the appearance of free water 
level can interrupt the motion of wator 
in the circulation circuit, while cir- 


12.4. Hydrodynamics of Desr- 


culation reversal involves a change 
from ascending to descending motion, 
i.e. the passage of velocities through 
zero. All these regimes can disturb 
heat removal from the internal surface 
of evaporating tubes and lead to 
overheating and even burn-out of tho 
tubes. 

Circuits operating al pressures p 
above 14 MPa or with local heat 
absorption rates q above 400 kW/m? 
are additionally checked for the pro- 
bability of heat transfer impairment 
(burn-out conditions), sec Sec. 10.3. 


42.4. Hydrodynamics of Descending 
Tubes and Its Effect on the Reliability 
of Circulation 


Reliable operation of ascending lu- 
bes in circulation circuits is ensured 
by a continuous supply of the required 
amount of water. A decreaso in the 
water supply through descending tu- 
bes to intensively heated ascending 
tubes can lead to insufficient cooling 
and, furthermore, to overheating of 
the tubes. The situation is dangerous 
and most often results in burn-out 
of the heated evaporaling tubes. If 
water supply is fully stopped, tho 
temperature of the walls of heated 
tubes may rise at a rale of up to 
20-25° C/s, meaning that 10-15 seconds 
are sufficient to get the plant out of 
order. 

Descending tubes of a circuit may 
turn out to have a water flow rate 
too low to ensure proper temperalure 
conditions in evaporating tubes if 
they have an excessive hydraulic 
resistance or if steam is entrained 
from tho drum into them. 

Hydraulic resistance of descending 
tubes. When analysing the operation 
of descending tubes, we should distin- 
guish between two cases: (a) water 
supplied from the economizer into 
the boiler drum at the saturalion tem- 
perature (boiling economizer, te = 
= t') and (b) water fed at a tempora- 
ture below the saturation point (non- 
boiling economizer, t% < t’). 
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Fig. 12.15. Distribution of pressures and the 

corresponding enthalpies of water at the 

saturation line along thie height of downtake 
tubes 


With a boiling economizer, water 
temperature at the inlet to the des- 
cending tubes is ¢,, = t’ (Fig. 12.15a). 
As wator moves through the drum to 
tho inlet of the descending tubes, its 
velocity is negligible, so that the 
velocity head due to the non-parallel 
drum walls can be neglected. Pressure 
changes can only occur due to a rise 
in the hydrostatic pressure by a li- 
near law (line ab in Fig. 12.15b). 
Tho pressure at tho inlet to the 
descending tubes is higher than that 
at tho water level in the drum by the 
magnitude (section bc): 


Apt = hinp'g (12.22) 


Upon entry into descending Lubes, 
water velocity increases substantially, 
since the hydrostatic pressure decrea- 
ses because of the appearance of velo- 
city head and inevitable energy losses 
on local resistances. Thus, the pres- 
sure at the inlet to the descending 
tubes decreases (section bd) by: 


2 
Wades s 


APin = (14 Ein) p’ (12.23) 
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With further motion of water in 
the descending tubes, pressure again 
increases, due to an increase in the 
hydrostatic pressure of the water 
column along line de by the length 
of section ef: 


Apa = Haeg (12.24) 


or, if we additionally consider the 
pressure loss by friction and on local 
resistances 


APaes = [ Haes — = 


AL y r ‘ r 
x (= +28) | p'g (12.25) 

where 
Woes 
2g 
Reforring to Fig. 12.15, as water 
moves in the descending tubes, its 
pressure increases continuously, ex- 
cept for the tube inlet proper, where 


it decreases somewhat. If, however, 
assume that Ap} > Apin, i.e. 





(4. SE) < Maes 


2 
Wies 


hin > (1 + Ein) 2g 


it will follow from Fig. 12.156 that 
the water pressure in any point of 
the descending system exceeds its 
pressure at the waler level in the 
drum pa. The enthalpy of boiling 
water is distributed according to 
the increasing pressure (a'b'd'k' in 
Fig. 12.15c). The actual enthalpy of 
water in any section of the descending 
tubes is equal to i4; it corresponds 
to tho pressure at tho water level in 
the drum pa and is constant if there 
is no heating of the descending tubes 
(line a’p’). The horizontal sections 
between these lines determine the 
degree of water subcooling in the 
respective sections of the descending 
tubes; for instance, the subcooling 
in section z-z is determined by the 
section '. Therefore, if condi- 





(12.26) 


m'-n'. 
tion (12.26) is observed, boiling and 
steam generation in unheated descend- 
ing tubes is impossible. 

If the pressure drop at the inlet 
to the descending tubes Apin is equal 


to or greater than Apt, the pressure 
of water at the inlet to the descending 
tubes will drop to such a level that 
the water will turn out to be super- 
heated at the drum pressure or will 
boil in the zone of reduced pressure. 
Steam bubbles thus formed will be 
entrained by circulating waler into 
the descending tubes where the pres- 
sure is higher; thus, water will turn 
oul to be subcooled there and steam 
bubbles will condense. Complete con- 
densation of steam requires a cerlain 
time. As a result, steam bubbles will 
be carried by the water flow an ap- 
preciable distance in the descending 
tubes, i.e. these will be filled with 
a steam-waler mixture, rather than 
with water, al a substantial length, 
which will noticeably increase the 
resistance of the descending tubes and 
somewhat diminish the driving cir- 
culating head. The presence of a slight 
quantity of steam in the descending 
tubes is, however, not dangerous. 

Appearance of steam in descending 
tubes. The main causes for the appea- 
rance of steam in descending tubes* 
are as follows: 

(1) formation of steam cones at the 
entry to the descending tubes, i.e. the 
direct entrainment of steam through 
the tubes from the steam space of the 
drum, and 

(2) ontrainment of steam bubbles 
from the waler space of the drum by 
circulating water. 

Formation of steam cones. The ope- 
ration of evaporating tubes becomes 
less reliable if steam forms in tho 
zone of reduced pressure at the entry 
to the descending tubes, i.e. when 
condition (12.26) is not observed. In 
such a case, steam cones may form 
in the waler surface in the drum (sce 
Fig. 12.15a), so that large quantities 
of steam will pass from the steam 
space inlo the system of descending 
tubes and thus disturb water circula- 
tion in the circuit. The formation of 
steam cones is possible in boilers with 


* Steam can also form in descending 
tubes on a sudden pressure drop in the 
boiler. 


13.1. Laws of Bubbling 





Fig. 12.16. Delermination of the minimal 
water level above the inlet to downtake 
tubes 


both free and forced circulation. Their 
formation can be prevented by main- 
taining the water level in the drum 
at n safe height above the inlets to 
the descending tubes. The probability 
of formation of steam cones increases 
with an increase in the diameter of 
the descending tubes. As recommended 
by the standard method of hydraulic 
calculation of steam boilers [22], the 
ratio of the minimal water lovel k 
to the diamoler of descending tubes 
dae, Should be chosen by the curves 
given in Fig. 12.16. 

With a non-boiling economizer, the 
temperature of feed water supplied to 
the drum is below the saturation 
point. This wator is mixed with boiler 
water and forms a mixture whose 
temperature is below the saturation 
point under pressure at the water 
level in the drum, tin < t'. Water 
at this temperature enters the des- 


HYDRODYNAMICS OF 
13.1. Laws of Bubbling 
In free-circulation boilers, the wor- 


king fluid moves as it is heated in 
ascending tubes; in once-through and 
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cending tubes. This degree of suh- 
cooling is equivalent to the degree of 
subcooling provided by forming a pro- 
per water level in the drum. 
Water subcooling in the drum is 
not a useful means of ensuring the 
stable operation of descending tubes 
in view of the complexity and incon- 
venience of this method. As with 
a boiling economizer (tin = t’), the 
stable operation of descending tubes 
in a circuit with non-boiling economi- 
zer (tin <t’) is achieved by preven- 
ting tho formation of steam cones 
above the entry to the descending 
tubes. Subcooling of water at the inlet 
to descending tubes at Hn < t merely 
ensures a certain reserve of reliability. 
Entrainment of steam from the water 
space of drum. The normal supply of 
water to the descending tubes can bo 
disturbed if steam bubbles in the 
water space of the drum are entrained 
by water and carried into the des- 
cending tubes. When velocity of water 
flows in the drum is substantial, 
steam bubbles below the water surface 
have no time to separate and are thus 
entrained by the water into tho des- 
cending tubes. Such conditions may 
appear, for instance, when the ends of 
the evaporating tubes in the drum are 
arranged too close to the inlets of 
the descending tubes. The entrain- 
ment of steam into tho descending 
tubes is prevented by properly orga- 
nizing the water flows, for instance, by 
arranging partitions or by separating 
the steam-water mixture in cyclones. 


BUBBLING SYSTEMS 


multiple forced circulation boilers, 
ils motion is caused by the pressure 
head developed by the feed pump. 
In either case, the fluid in evaporating 
Lubes is two-phase and its motion is 
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Fig. 13.1. Devices for steam bubbling through water layer 


(a) In boller drum; (b) in separating dnon of channel-type; boiling reactor; (c) In steam washer; 7—downtake 

tubes; 2—distribution plate; s—drum; é—steam-tirculating tubes; 6—steam-gencrating tubes; 6é—scparat- 

ing drum; 7—steam-water mixture from process channels; 8—steam box; 9—fced water header; J0— distri- 
buting perforated tubes; 7J]—fced water (wash water); 17—wash water drainage 


essentially the combined motion of 
the two components, water and stoam, 
which may have different velocities. 
Three principal cases are then pos- 
sible: 


w, > 0, w,, > O—ascending motion; 
w, > 0, w, < O—flow reversal, and 
w, < 0, Wua < O—descending motion. 


In contrast to these cases, in which 
both phases are in motion, there may 
be a special case when only the 
lighter phase (steam) is moving, while 
the heavier phase (water) is stagnant, 
i.e. it has a zero average velocity: 
w,>0, wy, = 0. This is known as 
the process of steam bubbling through 
liquid. Steam bubbling is a specific 
kind of motion of a two-phase mixture 
in which bubbles of the lighter phase 
(steam) rise through the bulk of the 


heavier phase (water). Bubbling oc- 
curs in the drums of boilers and steam 
generators when the steam-water mix- 
ture is introduced below the water 
level, in the separating drums of 
channel-type boiling reactors, in steam 
washers, etc. (Fig. 13.4). lt can also 
occur in evaporating tubes on certain 
hydrodynamic disturbances of flow, 
such as the formation of a free walter 
level or circulation stagnation (see 
Sec. 12.3). The layer of the steam- 
water mixture in which steam bubbling 
takes place is called the dynamic 
(movable) two-phase layer. 

Bubbling is usually effected by 
feeding steam under a_ perforated 
distribution plate (Fig. 13.2). As 


steam moves through holes in the 
plate, its jets break into separate 
bubbles which rise through the bulk 
of water above the plate to the 





Fig. 13.2 Analysis of the bubbling process and steam content distribution along the height 
of apparatus ; 
(a) at low wy (b) at high ws: I-I1J—zoner of dynamic two-phase layer; I—steam cushlon; #—nozzle 


13.1. Laws of Bubbling 


separating surface between the phases 
(which is usually called the disenga- 
gement surface). Tho disengagement 
surface is not smooth but seething, or 
turbulent, with high splashes being 
formed continuously by steam bubbles 
which rise to the surface. In the course 
of bubbling, steam bubbles entrain 
water which then moves downward at 
the walls and in the spaces between 
bubble chains and is thus forced into 
circulation. As a result, a zoro ‘average 
flow rate of water (uw, = 0) and 
a positive flow rate of steam (w, > 0) 
are established in bubbling. 
Bubbling is effected in a bubbling 
apparatus, such as a vertical column 
(Fig. 13.2). The water level indicated 
by tho water-level gauge glass at the 
column is jower than that in tho 
column propor, since water in the 
apparatus is at the boiling point and, 
besides, is saturated with steam bubb- 
Jes and forms a steam-water mixture 
of a density p,,.,. Water in the gauge 
glass is subcooled below the satura- 
tion temperature at the pressure of 
bubbling and its density is pg. Since 
the pressure at the bottom of two 
communicating vessels (point A) 
should be the same, we have: 


hpnPousk = (hweiPg + Ahp,) g (13.1) 


Noting that the density of steam p, 
is much lower than that of water in 
the gauge glass, pg, we obtain: 


(13.2) 


Since pPpu, is smaller than pg, the 
physical level kpa established in tho 
column is higher than the weight 
level hoer observed in the gauge glass 
by the magnitude Ak. The physical 
level in the apparatus is essentially 
the level of tho working fluid at 
a steam content œ close to unity. 
Tho difference Ah is called the water 
swell, 

The supplied steam is distributed 
over the column cross section accord- 
ing to the hydraulic resistance of the 
water layer; with a concentrated steam 
supply, this rosistance may be dif- 


hphPbub = RweiPg 
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ferent in various points of the cross 
section. A uniform distribution of 
steam can bo attained by mounting 
a perforated steam-distribution plate 
in the water space. The hydraulic 
resistance of the plate is much highor 
than that of the free cross section of 
the column and is thus a decisive 
factor in steam distribution. The plate 
is perforated evenly, and therefore, 
steam is distributed uniformly over 
the cross section. A gap is left bot- 
ween the plate and column walls to 
permit return flow of the water. The 
edges of the plate are bent downward 
to prevent a sudden outburst of steam 
at the walls and to form a steam 
cushion beneath the plate. 

A steam cushion is essenlial for 
normal oporation of the steam-distri- 
bution plate in which steam bubbles 
flow continuously through its holes. 
At the moment of formation of a steam 
cushion, steam has a definite (mini- 
mal) velocity wmin in the perforations 
of the plate. For the stable existence 
of the steam cushion, the actual 
velocity of stoam flow through the 
perforations must be higher than tho 
minimal value, i.e. w” > W min. This 
is easily accomplished if perforations 
have a diameter d, = 2-3 mm, i.e. 
smaller than the break-off diameter 
of steam bubbles. 

In the steam boilers of thermal 
power stations and the steam genera- 
tors of nuclear power stations, sub- 
merged distribution plates have larger 
holes of a diameter of 8-12 mm or 
even more. Under such conditions, 
a steam cushion can form if stoam 
passes through the holes in continuous 
jets. Steam jets can entrain a slight 
quantity of water droplets from the 
water space of the apparatus, but this 
has no substantial effect on the hydro- 
dynamics of the distribution plate. 

The hydrostatic head needed to 
form a stable steam cushion is deter- 
mined by the difference in the masses 
of water and steam columns of a height 
equal to the thickness of cushion 6: 


Ap = &§(@)'’ — p’) g (13.3) 
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This head is spent to overcome the 
hydraulic resistance of perforations 
and to form an excessive pressure 
required lo break through the water 
film at tho exit of steam into the 
water space above the plato (Fig. 13.3). 
A water film can be broken through 
by a force 2nff,o which develops 
a pressure 2n/t,o/nRt = 20/R,. Then 
we have: 

(w) a 2a 


Ap = Eper “> pt +z (13.4) 

The combined solution of equations 
(143.3) and (13.4) gives the minimal 
thickness of a stable stoain cushion: 


2a 
Smin = R, (e’—e") g 
p° (w*)? 
tEn gop C39 


where a is the surface tension, Ener; 
is the coefficient of resistance of the 
sleam-distribution plate which is de- 
termined by the free cross-sectional 
area of its perforations; R, = d,/2. 

A steam-dislribution plate with per- 
foration holes can operate efficiently, 
with a stable cushion, only in a nar- 
row range of heating loads near the 
rated boiler load. With an increase 
in the steam-gonerating load, the 
height of the steam cushion increases 
in proportion to the square of the 
ralio of loads (D,/D,)*?, and may 
result in the break-through of steam 
al the plato edges. Al lower loads, 
steam is distributed unevenly over 
the cross section. 

A new type of steam-distribution 
plate has been developed at tho 
Krzhizhanovsky power engineering in- 
stitute: it has numerous pipes perfo- 
rated along their whole length and 
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Fig. 13.3. Analysis of operation ofa 
submerged distribution plate 


closed at the bottom ends, which are 
mounted in the holes of a distribution 
plate (Fig. 13.4). The numbor and 
arrangement of pipes and the number 
of perforations in them are dotermined 
by the desired rango of variation of 
the steam-gencrating load. 

Steam accumulates in the water 
space under the plate and forms 
a steam cushion of a height up to the 
length of the porforated pipes. It 
flows through their perforations into 
the water layer above the distribu- 
tion plate. At a change in the steam- 
generating load, the number of ‘acti- 
ve’ perforations is self-regulated by 
a change in the height of tho steam 
cushion. This ensures uniform bubb- 
ling and uniform load on the disenga- 
gement surface in a wide range of 
steam-generating loads. 

As in forced motion, the principal 
characteristic of bubbling is the rela- 
tive cross-sectional areca occupied by 
steam, @,,,.,- The distribution of steam 
and water along the hoight of a bubb- 
ling apparatus is different, and there- 
fore, Pub can vary within a wide 


Steam 
outlet 
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Fig. 13.4. Steam distributor 
I—perforated sleam-distribution plate; s—perfo- 
rated Lubes; s—steam cushion, 4—steam-generat- 

ing heating surface 


13.1. Laws of Bubbling 


interval: from the value corresponding 
to the steam flow rate immediately 
above the distribution plate up to 
almost unity in the steam cushion 
and in the steam space. Tho distribu- 
tion of Paua along the height depends 
mainly on the steam flow rate or, 
whal is the same, on tho resolved 
steam velocily w. 

For a particular value of w;, one 
can distinguish between threo zones 
in the dynamic two-phase layor above 
the distribution plate (Fig. 43.2). 
With an amplo steam supply, this 
layer is filled with steam, and there- 
fore, Puuy = 1. The first zone of the 
two-phase dynamic layer is immedia- 
tely above the plate. In this zone, the 
steam flow is stabilized: the larger 
bubbles break down into finer bubbles, 
while fine bubbles combine to form 
larger bubbles, i.e. all bubbles are 
essentially transformed into the same 
stable size. The steam conlent Ọpub 
changes from the valuo corresponding 
to the relative free cross-sectional 
area of Lhe plale pp; to a certain 
constant value Pub which is determi- 
ned by the particular conditions of 
bubbling: steam flow rale and pres- 
sure. The initial zone of the dynamic 
layer has a limited height, usually of 
a few centimetres. 

The second zone is characterized by 
a constant value fi, = constant 
which has been attained due to sta- 
bilization at the exit from the first 
zone. The bubbling process in the 
stabilized zone is described most accu- 
rately by the generalized formula 
proposed by M.A. Styrikovich and 
S. S. Kutateladzo [34]: 


aam 04 (P) (my OE) 


(43.6) 


Tho formula is applicable at steam 
content pite < 0.7. 

In the third zone (transient zone), 
bub increases continuously from tho 
stabilized value gi. to p = 1, which 
exists above the two-phaso dynamic 
layer. The height of the third zone 
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Fig. 13.5. Effect of resolved steam velocity 
on the distribution of ọ along the height of 
apparatus 

hy, Ae, Ay—respective helghts 
of steam space 


wor < wga < wis 


depends on w,. At a low w, indivi- 
dual rising bubbles aro distributed in 
a relativoly large wator volume and 
therefore cannot influenco one another. 
Rising bubbles only slightly deform 
tho disengagement surface, so that 
there is a distinct boundary betwoon 
the second and third zones and the 
latter has a low hoight (curvo wg, 
in Fig. 13.5). With an increase of 
w,, the quantity of bubbling steam 
increases, bubble chains move in the 
water and combine into steam jets, 
and a return circulation of water 
appears in the apparatus. The number 
of steam jots then increases and impe- 
des the return circulation of water, 
i.e. water entrained by the rising 
steam cannot flow back as easily and 
is retained for a longer time in’ the 
upper portions of the dynamic layer, 
thus leading to water swell. Tho phase- 
separating surface becomes less dis- 
tinct, the transition zone of the dyna- 
mic layer increases in height, and 
the height k of the steam space in the 
apparatus diminishes accordingly (cur- 
ve .w,, in Fig. 13.5). The hydrodyna- 
mics of bubbling deponds substantial- 
ly on prossure. With an increase in 
pressure, steam density increases, so 
that steam bubbles rise in water more 
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slowly and are retained in the water 
space for a longer time. This increases 
oub, and therefore, causes water 
swell and an increase in tho height 
of the stabilized and transient zones. 
Thus, an increase in pressure is qua- 
litatively equivalent to an increase 
in w7. For a given weight level, the 
height of the transient zone, kir, 
depends on the fraction of the cross- 
sectional area occupied by steam. The 
height of the transient zone has a di- 
rect effect on tho moisture content of 
the steam supplied from the apparatus 
into a steam separator. With a highor 
hir, the height of the steam space 
is lower (sce Fig. 13.5) and the mois- 
ture content of the steam is higher. 


13.2. Dynamic Layer in Steam Washers 


Tho washing of sleam by pure water 
is a widely employed method for 
improving steam quality (see Sec. 15.4). 
It is commonly effected by passing 
the steam through a water layer that 
is retained on a perforated plate. 
Water overflows the peripheral enclo- 
sure of the plate, whose height is 
chosen so as to obtain the desired 
water level (Fig. 13.4c), but cannot 
flow through the holes, since the 
water column above a hole is acted 
upon by a force Fap which appears 
due to the difference of steam pres- 
sure below the plate and above the 
water level. This force is equal to the 
hydraulic resistance for the passage 
of steam through the perforated holes 
and through the water layer above 
them: 

w)? and? 
Fap = Eper E P “Z 


(wt) 


„ H md 
+ Ew 2, d 47 


— (43.7) 


Up to the moment tho steam breaks 
through a hole, this force is counter- 
balanced by the gravity force of tho 
mass of the water column: 


nd? , 
F= gp’h,, (13.8) 


and by the force due to surface ten- 
sion: 


Fa = ndo (13.9) 


that is 
Fap = Fg + Fo (13.10) 


Substituting from formulae (13.7) 
to (13.9) into (43.10), we obtain the 
formula for steam volocity w” in the 
holes of a perforated plate, that 
enables the water layer to be retained 
on the plate: 


„n 2gp’ 40 
w=y a (ho +27) (13.44) 


in which & is the resolved coefficient 
of resistanco of tho bubbling device: 


H 
E= E perf 4- bw 


In formulae (13.7) to (13.11), d is 
the diameter of holes in a perforated 
plate, h,, is the level of water above 
the plate, H is the actual height of 
the bubbling layer, and perf and Ep 
are the coefficients of resistance to 
the steam flow in a hole and in the 
wash water layer. 

The height of the steam-washing 
layer of water is usually not high 
(50-70 mm) and its resistance is low 
compared with that of perforated 
holes, i.e. Ey <(Epery- Therefore, it 
may be assumed in formula (43.11) 
that E = Eners- 

Formula (43.44) gives a certain 
reserve of the velocity of steam flow 
through perforated holes since the 
actual velocity of steam is higher and 
is certainly sufficient to ensure the 
hydrodynamic stability of steam wash- 
ing by bubbling. 


(13.12) 


13.3. Effect of Non-uniform Heat 
Release and Impurities on the Dynamic 
Two-phase Layer 


Boiler water may contain surface- 
active substances which are concent- 
rated mainly at the boundaries bet- 
ween phases. This increases the 
strength of water films which envelop 
and diminish steam bubbles. Finer 


13.3. Effect of Non-uniform Heat Release and Impurities 








Fig. 13.6. Distribution of p along the height 
of apparatus at different concentrations 
(cy < c3 < c3) and constant weight level 


bubbles rise more slowly in water. 
Stronger water films are broken with 
a certain time delay, so that the 
process of passage of steam bubbles 
into the steam space is retarded. 
Under such conditions, the dynamic 
two-phase layer is saturated with 
a greater amount of sleam, thus 
leading to water swell! and an increase 
in the height of the Jayer. 

The general distribution pattern of 
steam conlent along the height of the 
dynamic two-phase layer al a con- 
stant steam flow rate and various 
concentrations of impurities in water 
is shown in Fig. 13.6. As may be 
seen, the steam content @ at a given 
concentration of impurities increases 
along the layer height. At a low con- 
centration of impurities the steam 
content at the exit from a steam- 
distribution plate is not high. Jt re- 
mains almost constant to an appre- 
ciable height (@ increases slowly), 
increases rapidly in the transient zone, 
which has a low height, and attains 
a value pæ í above the physical 
water level. With an increase in the 
concentration of impurities in water, 
the steam content at the exit from 
the plate increases and the length of 
the zone where @ is almost stabilized 
becomes smaller (or even completely 
disappears at a high concentration). 
In contrast to this, the height of the 
transient zone increases substantially. 

In steam-generating plants, the ge- 
neration of steam may be substantial- 
ly non-uniform across the cross-sec- 
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tion of an apparatus. This is mainly 
due to a non-uniform heating inten- 
sity which, for instance, in the high- 
capacity horizontal-type steam gene- 
rators of nuclear power stations may 
vary along the length of evaporating 
elements by a factor of two or three 
(Fig. 43.7). 

The heating intensity can be equa- 
lized either naturally, under the effect 
of a water layer for stoam bubbling, 
or by means of various devices, such 
as a submerged stcam-distribution 
plate. 

Figure 413.8 shows the curves of 
steam content @ at various levels 
along the height of a bubbling layer 
with a symmetrical (steam is supplied 
at the centre of the cross section) or 
asymmetrical initial] non-uniformity 
in a vertical column without a perfo- 
rated plate, where steam content is 
equalized naturally. As may be seen, 
the steam content at the entry to the 
two-phase layer is distinctly non- 
uniform, but is equalized along the 
height due to bubbling in a free 
volume of water. 

A non-uniform steam content leads 
to the appearance of transverse gra- 
dients of density in the steam-water 
mixture that fills in the apparatus. 
In turn, these gradients lead to orien- 
ted convective currents which equa- 
lize the steam content and density. 
Figure 13.8 shows curves of q for 
Sour sections al various heights in the 
bubbling layer. As may be seen, non- 
uniformity decreases along the height 
due to steam redistribution, though 
complete equalization is not achieved 
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Fig. 13.7. Zone of different steam-generat- 

ing intensity in the steam generator of a 

water-cooled water-moderated power reactor 
(horizontal section) 

t—housing,; 2—comant in; g—coolant oul; 4— 


vone of intensive steam generation; 5—zone of 
moderate steam peneration 
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Fig. 13.8. Curves of steam content at va- 

rious levels (1, 2, 3, 4) along the height of 

a layer with (a) symmetrical and (b) asym- 
metrical initial non-uniformity 


since the water entrained by bubbling 
steam flows down mainly along the 
walls. In columns of a large diameter, 
the effect of walls is smaller, so that 
ascending and descending currents, 
and therefore, thefsteam content, are 
distributed more evenly over the 
cross section. 





Fig. 13.9. Effect of resolved steam velocity 
w, on the height at which @ is equalized 


wAThe effectRof w, on tho height at 
which flow equalization is achieved 
is shown clearly in Fig. 13.9. The 
left-hand portion of tho curve relates 
to the low values of wi, and conse- 
quently, low density gradients, so 
that flow equalization occurs at a grea- 
ter height. At a highor steam-genora- 
ting intensity, flow equalization oc- 
curs more quickly, notwithstanding 
the higher initial non-uniformity. 
Therefore, the height of stabilization 
is lower. It might be expected that 
this trend would continue with a fur- 
ther increase in w, which leads to an 
increase in the density gradient. 
Actually, however, at very high flow 
rates of steam, the axial component of 
the velocity of the steam-water mix- 
ture increases sharply and the process 
is extended along a greater height in 
the layer. In a certain range of high 
values of w}, the effect of velocity is 
predominant and the height of the 
equalization layer continues to in- 
crease. Finally, at vory high flow 
rates of steam (w7), it begins to 
carry off much moisture from the 
layer. Extrapolation of the curvo to 
its intersection with the axis of 
abscissae will give a point at which 
water will be completely carried off 
from the apparatus, i.e. the process 
of steam bubbling will change to the 
forced motion of the steam-water 
mixture. 
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A 


PHYSICO-CHEMICAL PRINCIPLES OF BEHAVIOUR 
OF IMPURITIES IN WORKING FLUID 


14.1. Impurities in Feed Water 
and Their Effect on Equipment 


During the operation of any typo 
of boiler-turbine installation the work- 
ing fluid becomes contaminated with 
impurities. The quantity and compo- 
sition of impurities depend on the typo 
of plant, composition of structural 
materials, and operating conditions. 
The principal sources and composi- 
tions of impurities in the aqueous 


heat carrier of thermal power stations 
are given in Table 414.1. 

Impurities may be present in boiler 
water in either a dissolved or a suspen- 
ded stato. Under particular conditions, 
they can precipitate from water and 
form deposits on the heating surfaces, 
thus impairing heat transfer and rai- 
sing the temperature of tube walls. 
Deposits are especially dangerous in 
intensive heating zones (water walls 
in boiler furnaces and fuel elements 


Table 14.1. Principal Sources and Compositions of Impurilies in an Aqueous Heal 
arrler 


Sourcea | 


Inleakages: 
in condensers 


Principal Impurities 


Salts (chlorides, sulphates and bicarbonates of 
calcium, magnesium and sodium), colloidal im- 


purities (organic matter, silicic acid), suspen- 
ded matter and gases (Og, COz, N2) 


in feed water and tap water hea- 
ters 





Make-up water (demineralized, di- 
slilled) 


Soflened water 


Salts (calcium, magnesium and Sodium chloridos, 
sulphates and bicarbonates), silicic acid, and gasca 


Sodium compounds, pro-| Gases: Oz (in deminera- 
ducts of metal corrosion} lized water), 


CO, (in 


distillate) 


Sodium compounds, silicic acid, gases (tho com- 


position of gaseous impurities depends on the 
waler treatment method) 


Products of corrosion of structural 
materials 





Oxides of Fe, Cu, Cr, Ni, Zn, Co, Al, etc. 





Products of radiolysis and other 
rocesses under the effect of neutron 
luxes 


Water additives 


Radioactive products of corrosion of metals: Fe, 
Mn, Go, Al, Zr, elc.; gases: No, O2, Xe, Kr, atc. 


| Phosphoric salts, ammonia, hydrazine, chelates 
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in nuclear reactors). At nuclear power 
stations, radioactive deposits can cha- 
ractorize the radiation situation of 
the equipment. 

Impurities can partially pass from 
water to steam and form deposits in 
superheaters and in tho steam path 
of turbines. Deposits in superheaters 
are intolerable since the outlet por- 
tions of their coils even at rated 
heating loads operate at tho uppor 
admissible temporaturo limit of tho 
tube metal. Evon a slight layer of 
deposits can then raise the metal tom- 
poraturo to an inadmissible levol and 
promote creep phenomena and scale 
formation. 

Deposits in the steam path of tur- 
bino are also extremely undesirable. 
They increaso the roughness of the 
blades and friction losso and thorofore 
diminish turbine officioncy. Hoavy 
deposits in the steam path of turbine 
can cause additional axial pressure, 
requiring a docrease in the turbine 
power. Tho offoct of deposits is espo- 
cially percoptible in high-pressure tur- 
binos whore the unit volume of steam 
is lower and the high-pressure section 
is accordingly smallor in size. 

Mcthods have beon developed to 
minimize the passage of impurities 
into water with inleakages in conden- 
sers and with make-up water. It is 
much moro difficult to provent water 
contamination with the products of 
corrosion of structural materials, espo- 
cially in plants operating at nearly 
critical or supercritical pressures. In 
operation, food water is allowed to 
have a certain composition and con- 
centration of impuritics depending on 
tho type of plant and its water balan- 
co: hundredths of a milligram per 
kilogram for once-through boilers and 
a fow tens of milligrams por kilogram 
for drum-type boilers. 


14.2. Solubility of Impurities 
in an Aqueous Heat-transfer Agent 
and Formation of Deposits 


In a sufficiently wide rango of high 
and supercritical paramoters of a ho- 
mogeneous aqueous heat-transfer agent 
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(steam and water), the thermodynamic 
solubility of low-volatile inorganic 
substances as a function of the proper- 
ties of the solvent is determined by 
two parameters: density and tempera- 
ture. Solubility can be described by 
the equation proposed by Prof. 
O. I. Martynova: ' 


Alf 
RT 
whore C is the solubility of a substan- 
ce in an aqueous heat-transfor agent, 
p is the density of H,O at the given 
parameters of the process, AH is the 
thermal effect of dissolution, R is 
the universal gas constant, T is the 
temperature, AS is tho entropy of 
dissolution of tho substance, and m 
is the coordination numbor (hydration 
characteristic). 

Calculations of the solubility of 
substances in an aqueous hoat-trans- 
fer agent by formula (14.1) are pos- 
sible if thero are reliable data on tho 
three paramoters which characterize 
the dissolution process: AH, AS, and 
m. Those data are only available for 
certain impuritics and for a limited 
rango of parameters. For this reason, 
laws of dissolution of various impuri- 
ties in water and steam are mainly 
studied experimentally. The general 
laws of dissolution will bo discussed 
below. 

Dissolution of impurities in water 
and laws of formation of deposits. All 
substances present in boiler water can 
be divided into two groups: slightly 
soluble and readily soluble. Tho former 
group includes calcium and magnesium 
salts and hydroxides and oxides of 
structural materials with which the 
aqueous heat-transfer agent may have 
contact. Solubility curves of selected 
slightly soluble impuritios in hot 
water are shown in Figs. 14.1 through 
14.3. The group of readily soluble 
impurities which aro found in tho 
water of steam-turbine plants includes 
sodium salts and sodium hydroxide. 
Their solubility curves aro shown in 
Fig. 14.4. As soon from the figures, 
the solubility of some substances 


InC =minp— 94 4 455 (14.4) 
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Fig. 14.4. Solubility of principal scaleform- Fig. 14.2. Effect of temprrature on the so- 
ers in water lubility of magnetite in boiling water at 
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Fig. 14.3. Solubility of metal oxides in Fig. 14.4. Solubility of readily soluble com- 
boiling water (p -- 7 MPa) pounds in water 


1—Fe (oxidizing medium); 2—Fe (reducing me- 
dium); s—Cu; 4—Zn; 3-- Ni; 6—Al 
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increases with temperature, whilo that 
of others decreases. 

Slightly soluble impurities. Calcium 
and magnesium compounds and metal 
oxides which belong to the group of 
slightly soluble impurities, como into 
the steam-water path of steam-turbine 
plants from different sources and, 
what is most important, behave dif- 
ferently in an aqueous heat-transfer 
agent. For this reason, they will be 
discussed separately. 

In normal operation of boilers, the 
concentrations of slightly soluble im- 
puritics in feed water, mainly of cal- 
cium and magnesium salts, are low. 
They may increase on certain distur- 
bances in the system of condensate 
cloaning and wator treatment or due 
to excessive inleakages in condensers. 

In any electrolytic solution, a dis- 
solved substance partly dissociates 
into ions (cations Me™* and anions 
Ac") and partly remains in the form 
of molecules. The degree of dissocia- 
tion, i.e. the fraction of dissociated 
molocules, depends on the properties 
of the solute and temperature. 

For a saturated solution at a given 
temperature, the product of active 
concentrations of ions ajjem+-aacn- 
which is called the solubility product, 
is constant, i.e. 


(44.2) 


where n and m are stoichiometric 
coefficients. 

For substances with a positive tem- 
peraturo coefficient of solubility, 
d(SP)/dt > 0 and for those having 
a negative coefficient, d (SP)/dt <0. 

Depending on the composition of 
feed water, boiler water may contain 
cations Ca?* and Mg?+ and anions 
SOj-, SiO}, PO, CO?2-, and Cl-. 
As evaporation proceeds, the con- 
centrations of all ions increase and 
approach the solubility limits of the 
substances involved. 

Dissolved substances can crystallize 
from water. Those which have tho 
lowest solubility product under parti- 
cular conditions crystallize first. Some 


_ p,n m 
SP = O Me™* "aae" 
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of them can crystallize on heating 
surfaces and form scale; these are 
called scale formers. Others crystallize 
in the bulk of the solution and form 
sludge and are thus called sludge 
formers. Rough elements (protrusions 
and recesses) on solid heating surfaces 
can serve as centros of scale forma- 
tion, and disperse and colloidal par- 
ticles and gas bubbles suspended in 
water can serve as centres of sludge 
formation. 

The conditions required to avoid 
scale formation from Ca and Mg 
cations and SO{~ anions present in 
water can be written in the following 


form: 
P 
4.3 
a] A 


Acq?“ Oso <S 


In order to determine the allowable 
concentrations of Ca (or Mg) and 
scale-forming anions in water, it is 
essential to know the solubilities in 
water of all the substances which 
may form under particular conditions 
and their dependence on temperature. 
Such data for the principal scale for- 
mers are given in Fig. 14.1. As may 
be seen, they have negative tempera- 
ture coefficients of solubility, so their 
solubility in water at high temperatu- 
res is only a few mg/kg, i.e. three- 
five orders of magnitude lower than 
that of easily soluble salts. When the 
solubility of a particular impurity, 
say, of CaSQ,, at a given temperature 
is known, one can determine the 
active concentrations of respective 
ions Ca?* and SO}- and then calculate 
tho solubility product from formu- 
la (14.2). 

Products of corrosion of structural 
materials. Feed water can bring into 
the steam-water path of boilers the 
corrosion products of a number of 
structural materials, such as iron, 
copper, zinc, cobalt, aluminium, etc. 
Their compounds can form deposits 
on boilor surfaces which are determi- 
ned by their solubility in the aqueous 
medium under the process conditions. 
The solubility of most corrosion pro- 
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ducts does not exceed a few hundredths 
of a gram por kilogram* (Fig. 14.3). 

The highest quantity of corrosion 
products enters the steam-water path 
in the form of oxides of iron which is 
the main structural material of boiler 
plants of any pressure. Iron combines 
with oxygen into a number of oxides, 
two of them, hematite Fe,0, and 
magnetito Fe,O,, being the most im- 
portant in steam-generating plants. 
Of highest interest are the properties, 
solubility in particular, of magnetite 
as it is the main oxide of iron that 
can form at temperatures below 550- 
570°C, i.e. at tho operating tempera- 
tures in high-pressure and supercriti- 
cal-pressure plants. 

The solubility of magnetite in high- 
temperature water depends substan- 
tially on the pH index of the medium. 
Tho solubility curves of magnetite in 
boiling water depending on tempera- 
ture and at various values of pH (in 
oxidizing and reducing media) are 
illustrated in Fig. 14.2. As may be 
seen, in a wide range of high tempera- 
tures 250-350°C (4-18 MPa) and pH = 6- 
9, the solubility of magnetite in re- 
ducing media does not exceed 40- 
50 pg/kg, in oxidizing media it does 
not exceed 20-30 pg/kg. Tho actual 
concentrations of this substance in 
water are much higher, which means 
that water contains colloidal and 
disperse particles of iron oxide, as 
well as dissolved iron oxides. Suspen- 
ded (colloidal and disperse) iron-oxide 
particles, irrespective of their size, 
can form deposits on heating surfaces. 
The heaviest deposits (a few hundred 
grams per m° in a year of operation) 
can form on the elements of the steam- 
water path which are heated most 
intensively. 70-90% of these deposits 
aro iron oxides. 

Deposits of corrosion products of 
iron usually have two layers possessing 
different physico-chemical properties. 
The interval layer is dense and bonded 


* At typical pll values of boiler water at 
thermal and nuclear power stations (see 
Ch. 15). 











Fig. 14.5. Diagram of circulation in a depo- 
sited iron oxide layer 


t ts 


1—water flow; 2—thickness of deposited layer; 
s—capillories; 4—stcam outlet from a ‘steam 
pipe’ at pressure p,; p,, Is the pressure of waler 


firmly to the metal; it forms through 
corrosion on the metal surface. The 
external layer is loose and porous and 
only weakly bonded to the surface. 
The internal layer is not dangerous 
to operation of the metal and is cven 
desirable, since the dense firm oxide 
film protects the metal from further 
corrosion. On the contrary, tho loose 
porous external layer (which forms 
mainly from colloidal and disperse 
particles) has a low conductivity and 
thus impairs heat removal from the 
metal surface. 

In addition to the above, bubble 
boiling can lead to the ‘wick effect’ 
in porous iron-oxide deposits: water 
is sucked in through numerous capil- 
lary pores in a layer to the heating 
surface where it evaporates. Steam is 
then ejected back through a wide 
channel, or ‘steam pipe’ (Fig. 14.5). 
With such local circulation and eva- 
poration of water, impuritios (includ- 
ing corrosion-active impurities, such 
as alkalies, chlorides, etc.) are con- 
centrated at the metal surface and can 
enhance corrosion. 

In porous deposits, an appreciable 
portion of heat is removed due to the 
evaporating effect. This determines 
a high ‘effective heat conductivity’ 
of deposits, which includes heat con- 
ductivity as a physical costant and 
heat transfer from the wall to the 
working fluid. For this reason, the 
temperature of the metal in ‘wick 
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boiling’ increases by not more than 
10-20 deg C oven under substantially 
thick deposited layers (afew hundredths 
or even tenths of a millimetre). [eat 
transfor may be sharply impaired if 
capillary poros are clogged due to 
deposition of other impurities present 
in water. 

Since porous deposits have a rough 
surface and an appreciablo thickness, 
they can diminish the free cross- 
sectional area of tubes and increase 
their hydraulic resistance, which lowers 
the working pressure. 

We can divide the formation of the 
external layer of iron-oxide deposits 
into three stages: the transport of 
suspended particles from the flow core 
into tho layor at the wall; the motion 
of particles in that layer; and their 
attachment to tho surface. At the first 
Stage, the largest contribution is from 
hydrodynamic forces. At tho second 
and third stages, depending on parti- 
cular conditions of the process, forces 
of electrochemical nature may be 
active in addition to hydrodynamic 
and intermolecular forces. Electroche- 
mical forces cause motion of the 
charged particlos of corrosion products 
in tho electromagnetic field which 
appears in the heated layer of the 
heat-transfer agent just at the wall 
under the action of a thermo-e.m.f. 
The thermo-c.m.f. appears in tho 
circuit consisting of the heating sur- 
face (first-order conductor) and aqu- 
eous heat agent (second-order conduc- 
tor) at a temperature difference exis- 
ting betweon its portions. Due to 
these processes, the corrosion products 
suspended in water are deposited on 
tho heating surfaces; at the same time 
they may bo partially washed off 
from these surfaces by the working 
fluid. 

The rato of formation of deposits is 
an important characteristic which de- 
termines the possibility of long unin- 
terrupled operation of steam-genera- 
ting plants. As applied to iron-oxide 
deposits, the rate of their formation 
depends on a large number of process 
parameters: mass velocity, heating 
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Fig. 14.6. Effect of pH» on the rate of 
deposition of iron oxides 


load, boiling conditions, pH of aque- 
ous heat agent, particle size and 
dispersity, etc. In view of tho comple- 
xity of the process of iron-oxide 
deposition and its dependence on many 
factors, there is still no physical 
model which embraces the effects of 
all tho parameters indicated. The ef- 
fect of tho pH index of heat agent 
on the rate of deposition of the iron- 
oxide external layer at sulcritical 
pressures and QO, concentration at 
a level of 0.4 mg/kg is shown in 
Fig. 14.6. As may be seen, tho lowest 
rate of deposition is at the pH value 
corresponding to the isoelectric point 
of corrosion products. 

As noted earlier, as suspended cor- 
rosion products are deposited on hea- 
ting surfaces, they are partially washed 
off by the working fluid. At the 
beginning of tho process, whon the 
surfaco is free from deposits, the 
direct process prevails and tho rate of 
deposition is ata maximum (Fig. 14.7). 
As a layer is accumulated on the 
surface, it is washed off more inten- 
sively. In the course of time, and 
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Fig. 14.7. Variation of the rate of forma- 
tion of iron-oxide deposits 


14.2. Solubility of Impurities in Heat-transfer Agent 


depending on the particular condi- 
tions, a balance is established betweon 
deposition and washing-off, and thero- 
fore, a particular rate of deposition. 
Products washod off from some por- 
tions of the surface can be deposited 
on other portions. This proporty of 
doposits has an adverse effect on the 
operation of circuits in nuclear power 
stations sinco it is one of the causes 
of radioactivity transfer along a cir- 
cuit. ~ 

Easily soluble substances. Figuro 14.4 
shows the solubility characteristics of 
easily soluble impuritios. Tho tom- 
perature coefficients of solubility in 
the region of interest for steam boilers 
and steam generalors (above 200°C) 
aro positive for some of them (NaOH) 
and negative for others (Na,SQ,, 
Na,PO,). 

When hydrodynamic and heat-trans- 
fer processes occur properly and ensure 
reliable temporature conditions on the 
heating surfaces, tho concentration of 
each of tho substances in the water of 
boiler drums is only a small fraction 
of the allowable value. For instanco, 
at a water temperaturo of 343°C (p = 
= 15.5 MPa), the solubility of Na,SO, 
is roughly 10 g/kg water, i.e. five 
times the concentration allowed in 
boiler water to produce clean steam 
(2 g/kg). This example shows that the 
precipitation of a solid phase from 
a solution is only possible at a very 
high degree of vaporization of the 
solution in a boundary layer of boi- 
ling liquid, which is never achievod 
under normal hydrodynamic condi- 
tions in drum-typo boilers. Therefore, 
under such conditions, easily soluble 
salts in water prosent no dangor of 
doposit formation on the heating sur- 
faces. 

Solubility of impurities in working 
fluid at supercritical pressures and 
formation of deposits. Tho temperature 
of a process has an ossential effect 
on tho solubility of substances in [1,0 
at supercritical pressures, especially 
in tho region of high heat capacitios. 
Data obtaincd at a pressure of 25 
MPa are illustrated in Fig. 14.8. 
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Fig. 14.8. Isobara of the solubility of select- 
ed substances in I1,0 at supercritical pressu- 
re (25 MPa) 


By comparing the solubility curves 
with some thermophysical paramoters 
of aqueous hoat agent, say, density p 
or dielectric pormittivity e at supor- 
critical pressures (see Fig. 9.6), it can 
be seen that they have essentially the 
samo pattern. Like density or dielect- 
ric permittivity, the solubility of 
most impurities decreases inversely 
with the temperature in the whole 
temperature range of interest. 
These regularities suggest that most 
of the impurities present in the work- 
ing fluid of steam boilers at super- 
critical pressures can precipitate only 
in a rather narrow range of variations 
of thermophysical parameters, name- 
ly, in the region of high heat capaci- 
ties (see Sec. 9.5). An excoption 
to this rule is the solubility of the 
corrosion products of iron, mainly of 
magnetite FeO, which varios only 
slightly with temporature (Fig. 14.8). 
Besides, it is only slightly dependent 
on the density of the heat agent, and 
therefore, on the state of the working 
fluid. For this reason, iron corrosion 
products tend to ‘spread’ along the 
wholo steam-water path of tho boiler 
and turbino. On tho other hand, the 
thicknoss of iron-oxide deposits de- 


172 





A 
400 4350 


500 °C 


Fig. 14.9. Solubility of NaCl in superheated 
Steam at subcritical pressures 


pends substantially on the intensity 
of heating, so that the surfaces heated 
more intensively (such as the lower 
radiation sections of once-through boi- 
lers) are fouled with iron-oxide depo- 
sits much more substantially than 
those operating at lower heating rates. 

Solubility of impurities in superheat- 
ed sleam of subcritical pressures and 
the formation of deposits. The solu- 
bility of substances in superheated 
steam of subcritical pressures is deter- 
mined by the properties of the sol- 
vent (superheated steam) and the 
properties of the solid impurity with 
which steam is in contact, with both 
being dependent on the process para- 
meters, i.e. pressure and tempera- 
ture. 

The strength of the bonds between 
ions, molecules or atoms of a solid 
impurity depends substantially on tem- 
perature. With an increase in tem- 
perature, these bonds are weakened 
and the solid phase can pass over into 
steam. Pressure variations in the 
range of operating pressures in steam 
boilors have little effect on the beha- 
viour of the solid phase. 

Temperature and pressure which 
determine the density of superheated 
steam, have a strong effect on its 
ability to dissolve solid impurities. 
At a constant pressure as the tempera- 
ture of superheat increases, the steam 
density decreases, resulting in a dec- 
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rease in the dielectric permittivity of 
H.O and a lower polarity of water 
molecules. As a result, the dissolving 
power of superheated steam first dec- 
reases with increasing temperature due 
to a decrease in its density. With 
a further increase in temperature at 
a constant pressure, however, although 
the steam density continues to decrea- 
se, the crystalline bonds in the solid 
are weakened and the solubility of 
the substance respectively increases. 
Figure 14.9 shows isobaric (constant- 
pressure) curves of the solubility of 
NaCl depending on temperature. As 
may be seen, the effect of both factors 
(pressure and temperature) at the 
minimum of solubility is roughly the 
same. In the left-hand branches of 
the curves, the effect of temperature 
variations in density is predominant, 
while the pattern of the right-hand 
branches is determined by bond forces 
in the crystalline lattice. 

The pressure of superheated steam 
also has a strong effect on its dissol- 
ving power. At higher pressures, steam 
has a higher density, and therefore, 
a higher dissolving power, but the 
effect of pressure lessens with an 
increase in the temperature of super- 
heating. The isobaric solubility curves 
of other compounds, say, Na,SO, or 
CaSO,, have essentially the same 
pattern, but the quantitative relation- 
ships are different. 

The practical significance of the 
solubility of substances in superhea- 
ted steam consists in the following: 
if the concentration of an impurity 
in steam is lower than its isobaric 
solubility, it will be dissolved and 
carried off by steam and will usually 
form deposits in the turbine. If, howe- 
ver, its concentration is higher than 
the isobaric solubility, tho excess 
will be deposited in the superheater 
path and the remainder in the turbine. 


14.3. Passage of Impurities from 
Water to Saturated Steam 


There are two known ways for im- 
purities to pass from water to sleam: 
they can be carried off as droplets of 
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boiling water or by dissolution in 
steam. 

The concentration of impurities in 
saturated steam can bo characterized 
by tho total carry-off coefficient 
kes » %: 


ke =O +ka= 





T (14.4) 
where w is the water content of 
steam, %, which characterizes the 
concentration of impurities which can 
pass into saturated steam with water 
droplets, kg is the distribution coef- 
ficient, %, which characterizes the 
concentration of impurities due to the 
dissolving powor of steam. 

The relative role of the components 
in the carry-off coefficient depends on 
a number of factors, primarily on pres- 
sure. For instance, at low pressures, 
the dissolving power of steam for most 
non-volatile impurities present in 
water is negligible (kg <w), and 
thorofore, kd, = w. With an increase 
in pressure, the dissolving power of 
steam increases, resulting in a highor 
contribution by the distribution coef- 
ficient, so that it may turn out at 
a sufficiently high pressure that k4 >> 
Do and ké kg. 

The mechanism and laws of water 
carry-off by steam. Tho mechanism 
of the formation of water droplets 
in tho steam space of a boiler drum 
may be different depending on the 
scheme of steam supply. If steam- 
water jets are ejected below the water 
level into tho drum, steam bubbles 
riso to the disengagement surface and 
form a two-phase dynamic layor 
(Fig. 14.10a and b). A steam bubble 
is acted upon by two forces: the force 
of internal pressure which tends to 
rupture the water film that envelops 
the bubble and the force of surface 
tension of that film which resists the 
rupturing force. In pure water, water 
flows down from the upper spherical 
surface of the film which consequently 
becomes thinnor (Fig. 14.10c). A hole 
forms in the top of the sphore, which 
is widened by the forces of surface 
tension. Tho film is retracted into 
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Fig. 14.10. Formation of condensed moistu- 
re in the steam space of a drum with evapo- 
rating tubes entering the water space 


(a) rising steam bubble; (b) bubble at the disenga- 

gement surface; (c) before brenk-through of waler 

film; (d) and (¢) break-through of water film and 
formation of moisture droplets 


the bulk of the waler, and the steam 
bubble is freed and enters the steam 
space. As an annular wave forms in 
the process, water droplets break off 
from its edge and are ejected into the 
steam space (Fig. 14.10d). Water tends 
to fillin the newly formed crator and 
water currents collide with one another 
in the centre and rise forming a verti- 
cal column from which water droplets 
can also break off (Fig. 14.10e). In 
steam bubbling through a layer of 
low-mineralized water, wator films 
which envelop steam bubbles may 
have different thickness, and there- 
fore, form water droplets of various 
sizes. 

When steam enters the drum above 
the disengagement surface, water drop- 
lets can appear in the steam space due 
to disintegration of the moisture that 
is carried by the stoam supplied from 
evaporating tubes (Fig. 14.11). The 
degreo of water atomization depends 
on tho kinetic energy of steam-water 
jets. At high heating loads, and there- 
fore, a high velocity of exit of the 
steam-water jets into the drum, they 
possess a high kinetic energy and can 
atomize water into finer droplets, 
resulting in a more intensive water 
carry-off. A dynamic equilibrium is 
established in the steam space bet- 
ween the water droplets which enter 
the steam space and those which 
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Fig. 14.41. Formation of condensed moistu- 
re in a drum with steam-water mixture 
entering the steam space 


settle in the water. The concentration 
of water droplets is the highest just 
at the disengagement surface and 
decreases the farther it moves from 
that surface. The largest droplets can 
bo ejected to a height of 600-700 mm. 

If the rising velocity of steam is 
low, it can entrain only the finest 
water droplets. With an increase in 
the flow rate of steam, the larger 
droplets can be entrained. For this 
reason, the water content of produced 
steam turns out to be higher at 
higher heating loads (see Fig. 14.12). 

The water content œ of steam is 
determined by the heating load D: 


o = AD” (14.5) 


where A and z depend on the design 
of the drum, pressure, and the con- 
centration and ionic composition of 
impurities in the water. The exponent 
n changes substantially with tho heat- 
ing load. The dependence of tho water 
content of steam on the heating load 
is approximated in logarithmic coor- 
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Fig. 14.12. Effect of the heating intensity 
on the water content of steam 


Ch. 14. Behaviour of Impurities in Working Fluid 


@ 


Am 
08 


Fig. 14.13. Effect of the height of steam 
space on the water content of steam 


dinates by broken straight lines expres- 
sed as power functions (14.5). There 
are three such straight sections 
(Fig. 14.12). For loads characterized 
by a very low water contont of steam 
(o < 0.01%), rz = 1-2; for loads at 
which œ = 0.01-0.1%, n = 3-4; and 
for higher loads with o > 0.2%, 
n> 10. For drum-type boilers of 
thermal power stations, operation at 
the beginning of the second section is 
typical, for which nr = 34. Steam 
velocity is proportional to its flow 
rate D. The average flow rato of 
steam related per m? of the disenga- 
gement surface is called the rate of 
evaporation per m? of water surface: 


Ry = DIF (14.6) 


The average velocity of steam rela- 
ted to m? of the steam spacc is called 
the rate of evaporation per m? of steam 
Space: 


Ry = DIV (14.7) 


The height of the steam space has 
a vital effect on the water content of 
produced steam. At Rp = constant, 
with a smaller height of the steam 
space, larger droplets can reach the 
region of high steam velocities at the 
inlet to steam-circulating tubes, and 
therefore, steam will contain more 
moisture. In the steam space of 
a larger height, the large droplets 
cannot reach the steam-circulating 
tubes as easily and the water content 
of produced steam will be lower 
(Fig. 14.13). Beginning from a cer- 
tain height (roughly 0.8 m) which is 
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unattainable even for the most far- 
reaching large droplets with the hig- 
hest kinetic energy, any further in- 
crease in the height of steam space 
cannot significantly decroaso the water 
content of steam. Under such condi- 
tions, steam carries off only fine 
droplets whose soaring volocity Wo 
is smaller than tho rising velocity of 
steam We at Rp = constant. Fine 
droplets are transported by tho steam 
flow irrespective of the height of 
steam space. The soaring velocity of 
water droplets is understood as the 
relative velocity of a droplet at which 
its mass is counterbalanced by the 
force of resistance in steam flow. 
For these conditions, it may be 
written: 


zdar p — a 
5 p) g= p Ee 


whereby 


ei: 155 y fe (2 — 1) a (£ —i)e 
(14.8) 


where d,, is the diameter of droplet 
and & is the coefficient of resistance. 

With an increase in pressure, the 
density of steam increases and offers 
a greater resistance to rising droplets. 
On the other hand, as tho difference 
in the densities of water and steam 
decreases, the transporting ability of 
steam is enhanced. This is also due 
to the fact that an increase in pres- 
sure decreases surface tension, so that 
the size of the water droplets decrea- 
ses and they can be more easily 
carried off by steam. Since, however, 
pressure has a stronger effect on the 
transporting ability of steam than on 
its resistance, an increase in pressure 
results in a higher water content of 
steam. 

We have discussed the laws which 
govern the carry-off of droplets of 
pure or low-mineralized water. These 
laws hold true for a rather wide range 
of concentrations. All other conditions 
being identical, the water content of 
steam in this range is constant. Begin- 
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Fig. 14.14. Effect of salt content of water 
on water content of steam 


ning from a certain concentration ty- 
pical of a particular substance, the 
size of steam bubbles in water dimi- 
nishes, and therefore, the velocity of 
their rise decreases and q,,, increa- 
ses. This results in the water swell 
in tho drum and the ejection into tho 
steam spaco of a large number of 
water droplets with a high concentra- 
tion of the impurily, which critically 
impairs the steam quality (Fig. 14.14). 
The concentration of substances in 
water at which the water level sud- 
denly swells up and increases the 
carry-off of moisture by steam is 
called the critical concentration. 

Physico-chemical principles of the 
distribution of impurities between water 
and saturated steam in equilibrium. 
A two-phase single-component system 
may be, depending on the relative 
concentration of the phases, in the 
form of boiling water containing steam 
bubbles, or wet steam containing 
water droplets, or boiling water in 
contact with saturated steam. Irres- 
pective of the structure of the two- 
phase system, water and steam are 
essentially two solvents of the same 
chemical nature but different density 
and dielectric properties (see Sec. 9.5) 
which determine their ability to dis- 
solve inorganic substances. 

If the two-phase system is in ther- 
modynamic equilibrium, the non-vola- 
tile impurities present in it are distri- 
buted between the phases according 
to the law of distribution of solutes in 
immiscible solvents. This equilibrium 
can be characterized quantitatively 
by the distribution coefficient kg which 
is expressed in terms of the activity 
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of the solute in steam, a,, and in 
water, a,,: 





A As 
ka = z= (14.9) 
For dilute solutions (which are ty- 
pical for the conditions of steam gene- 
ration at thermal and atomic power 
stations), the activities can bo repla- 
ced by the concentrations of the solu- 
te, i.e. 
ka = C;lCo (14.10) 
The distribution coefficient depends 
on the form in which substances are 
present in an aqueous solution. Sub- 
stances present in water in a molecu- 
lar form have the highest capacity 
for passage from water to steam. Those 
which are present in an ionic form, 
will dissolve in steam much less rea- 
dily. The law of distribution holds 
truo for substances which are pre- 
sent in both solvents (steam and wa- 
ter) in one and the same form, either 
molecular or ionic. The distribution 
coefficients k4 and k4 corresponding 
to this condition are thermodynami- 
cally true and written as: 


cm . ci 
it ec and eh (44. 
£d. em and d. ch (14.11) 


Alt a constant temperature, the true 
distribution coefficient of a substan- 
co is constant and independent of the 
initial concentration of the substan- 
ce in one of the phases. Determining 
the true distribution cocfficients in- 
volves appreciable difficulties, since 
it is practically impossible to find se- 
parately the concentrations of sub- 
stances in the molecular and ionic 
form. For this reason, the distributi- 
on coefficient is usually dotermined 
through the total concentrations of a 
substance without taking account of 
the forms of its existence in solvents, 
i.e. the apparent distribution coeffi- 
cient is determined. 

The correlation between the appa- 
rent molecular coefficient of distri- 


bution k7',p and the true distribution 
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coefficient &7.,, is as follows: 


ka ap = kateb (14.12) 
Similarly, for the ionic form: 
Kis ap = kitr (4 =. B) (14.13) 


where f is the fraction of the molecular 
form in the total concentration of a 
substance in tho solution (B depends on 
pH and temperature) and (1 — $) is 
the fraction of the ionic form. 

The total apparent distribution coef- 
ficient is tho sum of the molecular 
and ionic apparent distribution coef- 
ficients. 

According to the law of distribu- 
tion between two immiscible solvents, 
the passage of substances from wator 
to steam takes place under adiabatic 
conditions at a conslant saturation 
temperature and particular pressure 
(density). On the other hand, as follows 
from Fig. 9.8, the density lines of 
water and steam at any temperature 
(pressure) have no real regions of gra- 
dual passage of substances from water 
to steam. This passage from water to 
saturated steam at equilibrium takes 
place not gradually, but suddenly, 
as follows from the distribution law. 
As pressure approaches the critical 
value, i.o. as p*/p’ tends to unity, 
this “jump” declines and only at 
P = Per can the substances dissolved 
in water pass over smoothly into satu- 
rated steam in equilibrium wilh water. 

At low concentrations of substan- 
ces in aqueous solution, the effect of 
process parameters on the coefficient 
of distribuiton between water and dry 
saturated steam in contact with it 
(@ = 0) can be described by the equa- 
tion proposed by Acad. M.A. Sty- 
rikovich: 

ae fi a 4 

ka= ( br ) (14.14) 

which holds truo for conditions when 

the solute is present in waler and in 

steam in equilibrium with water in 

the same form (either molecular or io- 
nic). 
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Fig. 14.15. Effect of the p’/p” ratio of the 
aqueous heal transfer agent on the coeffi- 
cient of distribution of substances 


In equation (14.14), r is the coordi- 
nation number which reflects the phy- 
sico-chemical properties of the solute 
and expresses the degree of its hydra- 
lion. It remains constant in a wide 
range of parameters. At a higher deg- 
ree of hydration, the ionic form con- 
tribules more to the total concentrati- 
on of the substance in solution. Such 
substances are relained more firmly 
by polar water molecules and pass less 
easily into the steam phase. 

The effect of the density ralio of 
steam and water on the distribution 
coefficients according to formula 
(14.14) can be represented in loga- 
rithmic coordinates in the form of a 
pencil diagram (Fig. 14.15). Pencils 
of all substances start from the origin 
of coordinates which corresponds to 
the critical pressure (for waler, Per = 
= 22.85 MPa) and distribulion coef- 
ficient kg = 1. 

All substances present in water can 
be divided into three groups according 
lo their solubility in steam: (1) those 
for which n < 1; (2) those with n = 
= 4-3; and (3) those with n> 4. 
Substances in the first group possess 
the highest solubility in steam. They 
include weak clectrolyles — mostly 
the products of corrosion of structural 
materials: Fe,0,, AlO}, etc. thal 
may, however, have a low solubility 
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in water, for which reason their con- 
centration in steam is usually not 
high. Of special interest is silicic acid 
H,SiOs, a weak electrolyte which be- 
longs to the second group. It may bo 
present in water in significant con- 
centrations and possesses a high so- 
lubility in steam. Substances from tho 
third group have the least solubility 
in steam; these mainly include salts 
NaCl and Na,SO, and hydroxide 
NaOH, which are contained in water 
mostly in the ionic form and are espe- 
cially sensitive to variations in the 
density of solvents (water and steam). 

The apparent coefficient of distri- 
bution of weak electrolytes depends 
nol only on the temperature (pressu- 
re) of the process, but also on the pl 
index of the aqueous solution which 
characterizes the degree of deviation 
from the predominantly molecular or 
predominantly ionic form of the sub- 
stance. The form in which strong ele- 
ctrolytes exist, e.g. the salts of strong 
bases or acids in aqueous solutions, 
and thoir apparent coefficients of dis- 
tribution vary with their concentra- 
tions. 

If water contains both dissolved 
and undissolved, i.e. suspended, im- 
purities which can pass inlo steam 
with water droplets, the total conta- 
mination of steam is determined from 
the equation: 


Ci = (C 408") o + CB" kiap (14.15) 


wherefrom the total coefficient of car- 
ry-over ki, which characterizes the 
ratio of total concentrations of an im- 
purity in water and sleam is found 
from the formula: 


t Coka 
“a > 
keo = O+ aug ga (14.16) 

ts 

As follows from equation (14.16), 
the quality of steam depends on its 
water content w and distribution coec- 
fficient kå ap. The water content of 
steam can be diminished by separati- 
on (see Sec. 15.4). Even the complete 
separation of moisture, however, can- 
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nol make steam free from impurities. 
The distribution coefficient is a phy- 
sico-chemical constant und, if water 
contains impurities, steam will have 
an equivalent quantily of these im- 
purities in accordance with the condi- 





tions of the process. In order lo clean 
the steam from impurities which have 
passed into it from water due to the 
distribution law, it should be washed 
by cleaner water than that from which 
it has formed (see Sec. 15.4). 


WATER CONDITIONS 


15.1. Removal of Impurities 
from the Circuit 


The reliable operation of steam- 
turbine plants is ensured by maintai- 
ning the proper level of cleanliness of 
the working fluid, i.e. by removing 
impurities from the circuil in accor- 
dance with the rate of their passage to 
the water (see Sec. 14.1). Methods for 
removing impurilies may vary depen- 
ding on the Lype of boiler. Drum-type 
hoilers operate under the principle of 
multiple forced or gravity circulation. 
The steam content of the fluid flow 
in the uptake tubes of circulation cir- 
cuits is limited and does not normally 
exceed 10-25%. Boiler water docs not 
evaporate deeply, and therefore, the 
impurities dissolved in it do not reach 
their extreme concentrations (to sa- 
turation) and thus cannot precipitate 
as a solid phase in the water bulk or 
on the tube walls. In order to retain 
the concentrations of impurities in 
water below the level al which they 
would precipitate in the solid state, 
part of the waler is continuously re- 
moved from the boiler drum (blow- 
down water). Blowing-down as a means 
of removing impurities from power 
plants is especially efficient with those 
impurities which have a low coef- 
ficient of distribution between steam 


and water and for this reason are not. 
properly carried off by steam (sodium 
salts and sodium hydroxide). Blowing- 
down is inefficient with impurities 
which have a high coefficient of di- 
stribulion and are carried off in a lar- 
ge quanlity by steam (silicic acid and 
metal oxides). 

In once-through boilers, the evapo- 
ration process takes place with all 
the water being vaporized continuous- 
ly. Blowing down once-through boi- 
lers is impossible, so impurities seltle 
on the heating surfaces as deposils ac- 
cording to their solubility in water 
and steam. Easily soluble deposits 
which accumulate in particular zones 
of once-through boilors are partially 
washed off at the boiler starting-up 
and shulting-down. Slightly soluble 
deposils are removed periodically by 
chemical washing which is done after 
shutting down the boiler. The wa- 
shing process is labour-consuming and 
requires much time and a large qu- 
anlity of reagents. The continuous re- 
moval of impurities from the steam- 
waler path of once-through boilers can 
be effected in a demineralizing plant 
arranged in the circuit downstream 
of the Lurbine condensers. 

Feed waler at the entry to the boi- 
ler conlains a noticeable quantity of 
oxygen and carbon dioxide. Free oxy- 
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Table 15.1. Allowable Contamination of Internal Surfaces of Tubes 





Concentration of Impurities, g/m2, at heating loads, 
kW/m2 














Slate of surface 
up to 100 100-300 | 300-450 above 450 
Clean 25-50 up to 25 up to 25 up to 20 
Requires cleaning 200-300 150-200 100-200 100-150 





gen and carbon dioxide can cause in- 
tensive corrosion of the metal ‘of boi- 
ler equipment. To prevent this, these 
elements are removed by thermal de- 
aeration. 

The water conditions at nuclear 
power stations are largerly determi- 
ned by their operation specifics, i.e. 
by neutron irradiation of the heat- 
transfer agent. as it passes through the 
reactor core. Further, the corrosion 
products of structural materials are 
conlinuously accumulating in the cir- 
cuit. If they are not removed in due 
lime from the heat agent, they can 
form deposits on the surfaces of the 
circuit. These impurities are subjected 
to neutron irradiation in the reactor 
and become radioactive, thus crea- 
ting a radiation hazard in the zone 
around the reactor equipment. 

Since used water at nuclear power 
slalions is radioactive, it cannot be 
blown down and discharged to escape 
channels, as is done at thermal power 
stations. As at thermal power stati- 
ons, it is cleaned from impurities in 
ion-exchange resin water purifiers. 
This treatment prevents the formation 
of deposits on the working surfaces 
of the circuit. 

The objectives of minimizing Lhe 
corrosion of structural materials and 
the formation of deposits and of pro- 
ducing steam of a high purity (and, 
al nuclear power stations, minimizing 
the radioactivity of the heal-transfer 
agent) are achieved by properly or- 
ganizing the physico-chemical pro- 
cesses in the steam-water path, i.c. 
by providing appropriate chemical wa- 
ter conditions*, It is virtually impo- 

* In further discussion, we will refer to 
this as water conditions. 


ssible to completely control corrosion, 
the activity of the working fluid and 
depositions on the working surfaces 
and produce absolutely clean steam 
(free from impurities). The optimal 
water conditions of a power unit 
should ensure the reliable uninterrupted 
operation of the equipment for a long 
time before chemical washing is re- 
quired. The principal tasks are: to 
restricl the formation of internal 
deposits which might cause the tem pera- 
ture of heating surfaces to increase 
intolerably; to restrict the formation 
of deposils which might diminish tho 
power of the unit in the flow path of 
the turbine; to suppress the corrosion 
of structural materials in the steam- 
water path and to minimize erosion 
wear. 

Deposits on the surface of metal are 
removed by chemical cleaning of the 
equipment. This procedure is carried 
out in a new boiler before starting 
up and then periodically during ope- 
ration, A washing circuit is assembled 
for this purpose, which includes wa-- 
shing pumps, tanks for preparation 
of the reagents, connecting pipelines, 
and reservoirs for tho collection and 
neutralization of wash water. The 
length of periods between chemical. 
washing procedures depends on the 
operaling conditions of the boiler 
plant, mainly on how carefully the 
specified water conditions are obser- 
ved. Tho time for a chemical washing 
procedure is determined by the amo- 
unt of deposits on heated tubes and 
by the intensity of their beating. A 
rough estimation of the allowable con- 
tamination levels of tho internal sur- 
faces of tubes is given in Table 
45.1. 
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15.2. Water Conditions 
of Once-through Boilers 


An important factor in the organi- 
zation of water conditions in once- 
through boilers is that water blowing- 
down is inapplicable. For this rea- 
son, all impurities which are brought 
in with feed water and those which 
pass into the working fluid due to cor- 
rosion of the boiler proper and in the 
feed water path behind tho condensate 
cleaners are partly deposited on the 
heating surfaces and partly carried 
off into the turbine. IL should be bor- 
ne in mind that only very slight de- 
posits are allowed in the turbine. The 
amount of deposits allowed in the boi- 
ler is many times that allowed in the 
turbine, i.e. a subcritical-pressure boi- 
ler should be regarded as a ‘trap’ 
for impurilies which prevents their 
passage to the turbine. Under such 
conditions, the concentration of im- 
purities in feed water can be some- 
what higher than in superheated steam, 
in accordance with the allowable 
level of deposits in the boiler. The al- 
lowable deposits depend on their di- 
stribution along the steam-water path, 
tho heating load and conductivity in 
places of deposit formation, and on 
the reliability reserve of heating sur- 
faces, i.e. how far the temperature of 
the metal may rise above the working 
temperature without causing cree- 
ping and scaling. Under identical con- 
ditions, the allowable amount of de- 
posits depends heavily on the heating 
load, which should be takon into ac- 
count when selecting the zone of de- 
position in the gas path. The zone of 
deposition is usually the final section 
of the evaporating path and it should 
not be arranged in tho region of inten- 
sive heating. The longth of the zone of 
deposition also depends on pressure. 
At higher pressures, the deposition 
zone is longer and begins at a lower 
steam content of the fluid flow. 

In high-capacity boilers for super- 
critical pressures, furnace water walls 
operate at substantially higher hea- 


ting rates and are therefore much mo- 
re sensitive to deposits. Since depo- 
sits are unwanted in both the turbine 
and boiler, once-through boilers must 
be fed with water that is as free as po- 
ssible of impurities. In practice, this 
means that all the condensate from tho 
turbine must bo cleaned in a deminera- 
lizing plant. This treatment almost 
totally prevents tho deposition of 
salts and silicic acid in the boiler and 
turbine, while the problem of preven- 
ting the deposition of corrosion pro- 
ducts, especially iron oxides, beco- 
mes more important. 

A common method for increasing tho 
corrosion resistance of equipment is 
to sclect the appropriate materials. 
The main structural material for ma- 
king the heating surfaces of boilers is 
pearlitic steol. Pearlitic steels have 
many advantages (low cost, good wor- 
kability, serviceability), but they po- 
ssess a serious drawback: they are 
subject to inlensive corrosion in tho 
steam-water path of boilers. 

Corrosion damage is reduced by the 
application of protective coatings to 
the internal surfaces of tubes in the 
low-temperature sections of power 
plants. Those include: the internal 
surfaces of atmospheric-type deacra- 
ting tanks, exhaust hoods of turbines, 
housings of condensers and low-pres- 
sure vacuum heaters, condonsale tanks 
and their pipelines, and water-treat- 
ment equipment. In the high-tempe- 
rature sections of power plants, cor- 
rosion is limited by appropriate or- 
ganization of water conditions. 

Hydrazine-ammonia water treat- 
ment. Thermal deaeration cannot re- 
move oxygen and carbon dioxide com- 
pletely from the turbine condensate. 
The concentration of residual oxygen 
may be as high as 10 pg/kg. Residu- 
al carbon dioxide is also present in the 
condensate. For this reason, thermal 
deaeration is supplemented with the 
chemical treatment of feed water. 

Residual oxygen in feed water af- 
ter thermal deacration is bound by 
hydrazine N,II,. If water contains no 
other impurities, the reaction is as 
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follows: 
N:2-H+ 0: — Na 42H00 (15.1) 


Feed water always contains impu- 
rilies: iron and copper oxides. In their 
presence, oxygen is hound by hydra- 
zine more quickly [38]. 

In order Lo ensure the complete re- 
moval of oxygen, hydrazine is fed 
at the intake to feed pumps in an amo- 
unt exceeding the stoichiometric ra- 
tio from formula (15.1), i.c. an excess 
of hydrazine is formed in an amount 
of 0.02-0.03 mg/kg. 

Carbon dioxide may be present in 
water in the form of either molecules 
CO, (dissolved gas) or I1,COQ, (solu- 
tion of carbonic acid): 


CO: H20 == ICO, (15.2) 


Carbonic acid can be found by a 
measured quantity of ammonia added 
to feed water. Ammonia is introduced 
in an amount sufficient for the comple- 
te neutralization of CO, lo form 
ammonium carbonates and to allow a 
slight excess of ammonium hydroxide 
to raise the pH index of water. Thus, 
hydrazine hydrate combines the re- 
sidual oxygen in deaerated water, 
while ammonia maintains the pH in- 
dox at the required level pH = 9.1 + 
+ 0.1. 

Hydrazine-ammonia water treat- 
ment, i.e. the chemical trealment of 
fced water by hydrazine hydrate and 
ammonia, is a conventional method 
and until recently was employed at al- 
most all supercritical-pressure mono- 
bloc units. 

The temperature of the working flu- 
id al the outlet of the lower radiation 
seclions of boiler plants is usually 
380-390°C. The temperature of the out- 
side surface of tubes in this section is 
roughly 100 degrees higher, i.o. alta- 
ins 490-500°C. As established by ex- 
perience, with the application of hy- 
drazinc-ammonia water Lrealment, 
the temperature of Lubes in the lower 
radiationsection of fuel oil-fired boilers 
increases by 10-12 deg C evory month. 
For this reason, chemical washing 
should be carried out periodically in 


4-6 months in order to retain the tem- 
perature of tube walls below the allo- 
wable level. 

Neutral water conditions. All mono- 
bloc units of power stations are provi- 
ded with demineralizing plants to 
produce clean food water. Upon clea- 
ning in a demineralizing plant, tur- 
bine condensate approaches the theo- 
retically pure neutral water with the 
electric conductivity 0.04-0.06 uS/cm 
and pH index around 7. This water is 
practically pure and almost free of 
jonogenic impurities, so that all ele- 
ctrochemical processes in it are retar- 
ded. 

Oxygen in neutral water may produ- 
ce different effects on metals depen- 
ding on its concentration. At low con- 
centrations, it can enhance metal cor- 
rosion. AL clevated concentrations of 
oxygen, a continuous film of magne- 
lite Fe,O, or hematite Fe,O, forms on 
the metal surface. For this reason, it 
has been proposed to prevent further 
corrosion of metal by introducing oxy- 
gen into water in an amount (around 
200 pe/kg) sufficient to form a passi- 
valing continuous film of iron oxi- 
des. Under such condilions, the cor- 
rosion rate of pearlitic steel is almost 
as low as that of austenitic steel. 

The ability of oxygen (in elevated 
concentrations) Lo form firm protecti- 
ve oxide films has heen utilized as the 
basis for the organization of oxygen- 
neutral water conditions in once-through 
boilers. For this purpose, gaseous 
oxygen O, is added in a measured qua- 
nlity to feed water. In some cases, 
hydrogen peroxide H,O, is used instead 
of O,. To form neutral water con- 
ditions, feed water should be very pure 
and contain no CO,; its electric con- 
ductivity should not exceed 0.2 pS/cm. 

Neutral water conditions are ad- 
vantageous in the following respects: 
il can be dispensed with expensive 
correction treatment of feed water by 
hydrazine hydrate and ammonia; in 
that connection, filters of the demine- 
ralizing plant can operate for a longer 
time between regencrations; the rate 
of formation of iron-oxide deposits in 
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intensively heated surfaces of the lower 
radiation section is lower; and pearli- 
tic steels can be employed in heating 
surfaces. In operation with neutral 
water conditions, care should be ta- 
ken to keep the olectric conductivity 
of feed water as low as possible. For 
this reason, the fecd-water path should 
contain no elemonts made of cop- 
per or copper alloys. Neutral water 
conditions have been employed at a 
number of supercritical-pressuro mo- 
nobloc units for several years. 

Chelate treatment of water. When 
iron-oxide deposits form on heating 
surfaces, the temperature of the metal 
is determined by the healing intensily 
and the properties of the deposils, 
mainly by their thermal conductivity, 
which is lower in porous deposits. 

Tomperature conditions on heating 
surfaces can be improved by two me- 
thods: by increasing the thermal con- 
ductivity of deposits or by causing 
the deposils to form primarily in the 
fess heated clements (say. in the eco- 
nomizer), rather than in the lower ra- 
diation section. 

The properties of iron-oxide depo- 
sits and the regularities of their for- 
mation in the steam-water path can 
be changed by employing the chelate 
treatment of water. The method of 
chelate water treatment has been pro- 
posed and developed by T. Kh. Margu- 
lova ct al. and consists essentially in 
the following. Feed water is treated 
with ammonia and hydrazine hydrate 
added in the same quantities as in the 
conventional hydrazine-ammonia me- 
thod. In addition, chelates are intro- 
duced into the deaerated feed water 
in a quantity equivalent to the con- 
centration of iron and copper in it. 
Chelates are substances capable of for- 
ming water-soluble compounds with 
various cations (Ca, Mg, Fe, Cu). 
Ethylene diamine ULetraacetic acid 
(EDTA, dry product) is usually em- 
ployed for the purpose. 

An aqueous solution of the acid at 
a temperature of 80-90°C is prepared 
and mixed with an aqueous solution of 
ammonia: NH, -H.O = NHOH. 
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The trisubstituted ammonium salt of 
ethylene diamine tetraacetic acid 
which forms on mixing can react with 
the products of iron corrosion at lem- 
peratures of 100-200°C, with iron hy- 
droxide Fe (OL), to form iron chela- 
tes. These are readily solublo in waler 
and dissociate at a high temperature, 
with a dense layer of magnotite being 
deposited on the internal surfaces of 
tubes, protecting the metal against 
corrosion. 

The most intensive dissociation of 
iron chelates occurs al temperatures 
of 250-300°C which are typical for 
the last stages of the high-pressure wa- 
ter heater and economizer, so that 
complete thermal dissociation (ther- 
molysis) would be expected to take 
place exactly in these elements of the 
steam-water path. The working fluid, 
however, moves in Lhis section of the 
path (high-pressure water heater and 
economizer) at a noticeable velocity, 
3-5 m/s and 1-2 m/s, respectively. 
Moreover, in  supercrilical-pressure 
boilers, the temperature of the working 
fluid increases quite rapidly as it mo- 
ves along the path (al arate of rough- 
ly 100°C/min). For these two rea- 
sons, the thermolysis of chelates can- 
not come to its end in the economizer 
and partially continues in the next 
element of the path, the lower radia- 
tion section. Therefore, iron-oxide de- 
posits in supercritical-pressure boi- 
lers are distributed in the following 
manner: around 80% settle in the cco- 
nomizer and 20% in the lower radia- 
tion section. On addition of the chela- 
tes, the deposits in the lower radiali- 
on section become denser and have a 
higher thermal conductivity, which 
lowers the rate at which tho tempera- 
ture of the wall rises in Lime and ma- 
kes it possible to prolong the period 
between washings up to 18 months. 

It is advisable to automatically add 
the chelates according to the heating 
load of a monobloc unit. Ammonium 
salt of ethylene diamine tolraacetic 
acid und ammonia are added to the 
feed water after the deacrator, and 
hydrazine after the demineralizing 
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plant. The concentrations of additives 
in feed water in chelate water treat- 


ment are as follows: EDTA = 
= 80 pg/kg. NH, ~= 700-800 pg/kg, 
Noll, -= 20 py‘ke: pH = 9.1. 


Gascous products formed on the 
thermal dissociation of the chelates 
pass together with steam through the 
turbine and are removed from the 
cycle as exhaust from the condenser. 
Chelate water treatment offers cer- 
tain advantages typical for ‘neutral’ 
waler conditions (increased time bet- 
ween washings), but also possesses Lhe 
drawbacks of the hydrazine-ammonia 
trealmont (an increased load on the 
deminerulizing plant, since a large 
quantity of ammonia should be remo- 
ved from the circuit, and a high use 
of reagents for filter regeneration). 


15.3. Non-scaling Water Conditions 
of Drum-type Boilers 


Drum-lype boilers are often fed 
with softened waler, i.e. water thal 
contains easily soluble substances, ma- 
inly sodium salts. 

Owing lo inleakage of the cooling 
water in condensers, calcium and mag- 
nesium salts can also get into the feed 
water. These salts have a very low so- 
lubility (milligrams and tens of milli- 
grams per kg water), which further de- 
creases wilh increasing temperature. 
During steam generation at a high 
pressure, the concentrations of these 
salis readily rise to a value at which 
they can form scale. Not all calcium 
and magnesium compounds form sca- 
le; some of them form sludge. Some 
kinds of sludge [such as Mg,(PO,).] 
can slick to heating surfaces, which is 
also undesirable. Calcium and magne- 
sium can form non-sticking sludge 
(for instance, 3Ca, (PO,).-Ca(OH), 
or 3MeQO-2Si0.-2H,0] which remains 
in the boiler water in a suspended sta- 
te and can mostly be removed by 
continuous blowing-down. A small amo- 
unt of heavier sludge accumulates in 
the lower headers and can be removed 
by periodic blowing-down. 


In order to correct waler conditions 
and transfer the hardness salts into 
non-slicking sludge, il is essential to 
introduce correction additives \o wator, 
for instance, phosphates (such as sodi- 
um phosphate Na,PO,) to fixed cal- 
cium. Water conditions based on the 
addition of phosphates are called pho- 
sphate water conditions. For easier 
formation of non-sticking movable 
sludge, phosphates should be added to 
an alkaline medium. For this reason, 
sodium phosphate is introduced not 
into the feed water which has a low 
alkalinity, but into the boiler drum 
where the alkalinity of the water is 
sufficiently high due Lo multiple eva- 
poration. Thus, pkosphate-alkaline wa- 
ter condilions are formed. The reacti- 
on of sludge formation can be written 
in the following form: 


10CaSO, +- GNagPO,-+ 2Na01 
= 3Cug{PO,)2Ca(OH)s -}- 10Na8O, 
eee ~ 


non-sticking movable enally soluble 
sludge sodium sulphate 


(15.3) 


The reaction products are removed 
by blowing-down. For the complete 
removal of calcium salls, a certain 
excess of phosphates is maintained in 
the boiler water. The excess of PO{- 
for boilers without stepped evapora- 
tion is 5-15 mg/kg; for those with 
stepped evaporation, the excess of 
PO?- is 2-6 mg/kg for the clean se- 
ction and not more than 30-50 mg‘kg 
for the salt section. 

Due to the hydrolysis of phosphate 
ions that takes place in phosphate 
treatment, hydroxy ions form which 
further increase the water alkalinity: 


PO + H0 z= HPO} + OH- } dee 
HPO} +H,0 = HPO; + Oll- = 

Upon phosphate-alkaline treatment, 
the hydrate alkalinity of water may 
sometimes turn out to be substantial 
(pH > 11) and cause metal corrosion. 

In boilers supplicd with turbine 
condensate with an addition of che- 
mically purified water, alkalinity is 
held al a moderate level by adding 
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not pure Na,PQO,, bul a mixture with 
an acid phosphate, such as Na,H PO,. 

At power stations fed with turbine 
condensate and low-mineralized ma- 
ko-up water (chemically desalted wa- 
ter or distillate from evaporators). 
water alkalinity is controlled only by 
the hydrolysis of phosphates [see for- 
mulae (45.4)], i.e. by forming water 
conditions of purely phosphate alkali- 
nity. Phosphates are continuously in- 
troduced into the boiler drum by mce- 
tering pumps. 

In recent times, the quality of feed 
water al. power stations has improved 
appreciably due to lower inleakage in- 
to condensers, (hus resulting in a hig- 
her quality turbine condensate. This 
makes it possible to employ water con- 
ditions with a lower degree of phos- 
phate lreat ment or even lodispense wilh 
phosphate treatment and change to 
no-phosphate non-scaling water condi- 
tions. No-phosphate water conditions 
make the boiler operation Jess expen- 
sive (since corrective additives are 
nol used), decrease the salt content 
in boiler water, improvo the quality 
of steam, and lower the cost of boiler 
equipmenlt. 


15.4. Methods for Generating Clean 
Steam 


The purity of steam should satisfy 
extremely high requirements. For in- 
stance, the total concentration of im- 
purities in superheated steam of su- 
percritical pressure must not exceed 
40-50 pg/kg. Methods for producing 
clean steam vary depending on the 
type of plant. 

In once-through boilers, the wor- 
king fluid (water), is continuously va- 
porized, so thal. its impurities are par- 
tly deposited on heating surfaces and 
partly carried off with steam. With an 
increase in pressure, the concentration 
of impurities in steam increases and 
the quality of steam approaches that 
of feed water (Fig. 15.1). Blowing- 
down is inapplicable in once-through 
boilers. The sole way to make clean 
steam is to improve the quality of feed 





Fig. 15.4. Effect of pressure on the steam 
quality in a once-through boiler (Per > 
> Pi > Py > Pad 


water. Thus, Lhe quality of steam pro- 
duced in once-through boilers is con- 
trolled by specifying the quality of 
feed waler. 

In drum-type boilers, the purity of 
saturated steam, and therefore, of 
superheated steam is determined by 
the quality of the water from which it 
is produced. With a lower concentra- 
tion of impurities in boiling water 
(under identical conditions), cleaner 
steam can be obtained. Blowing-down 
of drum-type boilers can improve the 
quality of circulating water, though 
excessive blowing-down can diminish 
the officiency of the sleam-turbine 
plant owing to heat loss with blow- 
down water. 

Separation of moisture droplets from 
steam. To produce clean steam, it is 
essential, first of all, to dry it as com- 
pletely as possible, i.e. to separale wa- 
ter droplets from the steam flow. 
Steam-separating systemsshould satisfy 
the following main requirements: low 
water content in the produced steam, 
high unit steam-generating load, and 
low hydraulic resistance. 

The separation of moisture fram 
steam is based on the density diffe- 
rence between water and steam. A 
water droplet in the sleam space of a 
boiler drum is acted upon by two op- 
posite forces: the lifting force and the 
force due to gravity. The relationship 
between these forces and the time of 
their action determine whether a dro- 
plet will be carried off by steam or set- 
tle on the water surface. It is clear 
that a higher separating effect can be 
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12 MPa 


Fig. 15.2. Effect of pressure on the steam 
velocity in the holes of a submerged distri- 
bution plate 


P-o minimal velocity, 2—recommended velocity 


achieved at a lower rising velocity of 
steam in the drum. 

Among the simplest and most effi- 
cient devices for steam separation are 
perforaled plates made of steel, with 
the perforations 5-12 mm in diameter. 
A perforated plate is mounted 100- 
150 mm below the average water le- 
vel in the drum; it is called a submer- 
ged plate (as in steam generators of 
nuclear power stations). Another pla- 
te is arranged in the steam space at 
the top of the drum (perforated baffle). 
Both plates serve to equalize the di- 
stribution of steam over the drum cross 
section. For uniform bubbling of steam 
through the submerged plate, a 
continuous steam layer (steam cushi- 
on) should be formed beneath the pla- 
te. ‘The condilion of steam cushion sta- 
bility (see Sec. 13.1) is determined by 
steam velocity in the perforated plate 
holes. This velocity depends on pres- 
sure, i.e. it is lower at higher pressu- 
res (Fig. 15.2). 

In high-capacity boilers, each eva- 
porating tube delivers into the drum 
up to 1 000 kg/h of steam-water mix- 
Lure on the average, some tubes deli- 
ver up to 1 500 kg/h. These powerful 
flows ejected into the drum possess a 
high kinetic energy which should be 
dampened in order to minimize steam 
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Fig. 15.3. Internal cyclone sleam separator 
J—housing, 2-—inlet pipe connection; 3—rcover; 
4 collar; J—steam-witer mixture in; 6—eross- 
piece; 7—- bottom 





moistening. This is performed in steam 
separating devices. 

The principal steam-separaling de- 
vice in high-capacity steam hoilers is 
a cyclone separator which is arranged 
inside the boiler drum. An internal 
cyclone separator (Fig. 15.3) is essen- 
tially a cylindrical vertical housing 
300-400 mm in diameter into which 
steam-water mixture is introduced 
tangentially at a speed of G-8 m/s. 
Upon entering the cyclone, the steam 
flow kinetic energy produces a contri- 
fugal effect, and the flow is whirled 
at the cyclone surface. Waler is pres- 
sed against the walls and flows down- 
ward, while steam flows from the cy- 
clone uniformly at a velocity around 
1 m/s from beneath the cyclone cover 
into the steam space of the drum (Fig. 
15.4). A cross-piece in the cyclone bot- 
tom stratifies the wator flow which 
moves smoothly into the water space 
of the drum. The number of cyclones 
in a drum is determined by the capa- 
city of the cyclone which in turn de- 
pends on its dimensions and pressure; 
the capacity of a cyclone 300 mm in 
diameter at a pressure of 4 MPa, 
40 MPa and 15.5 MPa is respectively 
4 t/h, 6 t/h and 10 t/h. 

Interna] cyclone separation is ra- 
ther effective, but increases the hydrau- 
lic resistance of the circuit, which 
should be considered in circulation 
calculations. 
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External cyclones have also found 
wide application for steam separation 
in drum-lype boilers; they are moun- 
ted outside the boiler drum. An exter- 





os 
st 
Fig. 15.5. Typical external cyclone separa- 


tor 


1—header; 2—steam-water mixture in; 3—whirlers 

4—perforated plate; 5-—steam-outlet pipe; 6—air 

vent; 7—blow-down; §—downtake tubes; 9—water 
from drum; t0—cross-picce 
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Fig. 15.4. Typical drum internals 


I—drum; s—evaporating tubes; J—box; 
é—cyclone; 5—drainage box; -6—cover; 
7—steam-washing perforated plate, #— 
perforated steam baffle; 9—fced water dlsl- 
ribution box; 10—steam-—irculating tubes; 
!1—feed water in: 12— hole in a partition; 
13—downtake tubes; J4—emergency Water 
drainage 


nal cyclone separator (Fig. 15.5) is 
made in the form of a vertical cylin- 
der 350-450 mm in diameter. Thesteam- 
water mixture is introduced tan- 
gentially and the separation process 
is essentially the same as in an inter- 
nal cyclone separator. The height 
of an external cyclone is determined by 
the sum of the required heights of the 
sleam space (1.5-2.5 m) and waler 
space (2-2.5 m) to ensure efficient se- 
paration and stabilize the operation 
of tho downtake tubes in the circula- 
tion circuit which are connected to 
the external cyclone. 

In once-through boilers, the steam- 
water path is provided with a star- 
ting-up unit mounted between the fur- 
nace water walls and the subsequent 
heating surfaces. One of its principal 
elements is a built-in separator (for 
more detail see Sec. 23.4). It has a ver- 
tical cylindrical housing with a single 
slage of steam-separaling vanes inside; 
the steam-water mixture is introduced 
at the top (Fig. 15.6). Waler droplets 
are thrown to the walls by centrifu- 
gal forces, water flows through an an- 
nular drainage chamber and is remo- 
ved through a side drainage tube. Dri- 
ed steam passes from the separator 
through the bottom chamber. This 
design of separator has been unified, 
has standard dimensions and is em- 
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Fig. 15.6. Unified built-in (start-up) steam 
separator 


4—hrader; g—Whirler insert: 3—whirler; 4— 
distributing cone; 3—steam-water mixture in; 
6—steam oul; 7—drainage of separated water 


ployed in supercritical-pressure mo- 
nobloc units for 500, 800 and 1 200 MW. 

If wet steam moves in a tube at a 
moderate velocity, its moisture pre- 
cipilates and flows along the walls as 
an annular film. This process is called 
film separation. For effective separa- 
tion of the flow into steam and water, 
the flow velocity should not be exces- 
sively high, otherwise water droplets 
will break off from the film and he car- 
ried off by steam. The highest allowa- 
ble velocity depends on the prossure 
and steam content of the flow (lig. 
15.7). 

At present, turbines of nuclear po- 
wer stations operate mostly on satura- 
ted sleam. Therefore, to attain high- 
er efficiency, the moisture content of 
steam must he as low as possible, 
which is achioved by careful primary 
Separation with a slight superheat be- 
fore the low-pressure cylinder of the 
turbine. The process diagram of sepa- 
ration is determined by the type of 
reactor. 

In channel-type graphite-water rea- 
ctors, saturated steam is separated in 
horizontal drums outside the reactor. 
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Fig. 15.7. Effect of pressure on the steam 
velocity at which water droplets can be 
broken off from the liquid film surface 


A powerful reactor may have a num- 
ber of separating drums connected in 
parallel. For instance, the reactor unit 
type RBMK-1000 (1000 MW) has 
four separating drums. The drums are 
made of carbon steel Grado 22K 
(0.22 C boiler), with the entire inter- 
nal surface being plated by stainless 
stool. The drum is 31 m long and has a 
diameter of 2.3 m. The connection di- 
agram for the separating drums of 
an RBMK-1000 reactor is illustrated 
in Fig. 24.13. The number and dimen- 
sions of separating drums are nol re- 
lated to tho dimensions of the reactor 
and are chosen so as to attain tho high- 
est degree of steam drying. Separa- 
ting drums of the design described can 
produce steam with a water content of 
not more than 0.1%. 

In water-moderated water-cooled 
tank-type reactors, steam separation 
is carnied out in the reactor housing 
(see Fig. 24.12). Precipitating separa- 
tion in a small volume is insufficien- 
tly effective. The steam-water mixture 
formed in the fuel assemblies of 
the reactor core is fed into a colle- 
cling box and then through parallel 
vertical tubes into axial cyclones. 
Upon separation, water is returned 
into the water space, while steam rises 
through the central portion of the cy- 
clones into a steam drier and then is 
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Fig. 15.8. Primary centrifugal separator of 
axial type 


j—whirler; 2—cyclone; s—channel for primaly 
removal of separated moisture; ¢—flow-straighte- 
ning vanes; 5—chonnel for the secondary removal 
of separated moisture; 6—separating vanes in 
the path of secondary moisture, 7—predrier 


delivered through steam pipelines to 
the turbine. 

A feasible version of a primary cen- 
trifugal separator for tank-lype rea- 
clors is shown in Fig. 15.8. Under the 
action of centrifugal forces developed 
in a whirler, the steam-water mixture 
is separated into the peripheral] water 
Jayer which moves along the inter- 
nal cylindrical wall of the cyclone, and 
the steam flow which moves through 
the cyclone core. The main mass 
of water is removed from the cyclone 
via tho primary drainage channel which 
is provided with straightening va- 
nes to slop rotation of the water flow. 
The remaining water is removed 
through a secondary drainage channel 
in which vanes are mounted to separate 
the steam which enters this channel 
together wilh water. The separated 
steam is directed together with the 
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main steam flow into n preliminary 
drier and then into the main drier. 

A steam drier usually has a set of 
vertically-arranged corrugated stain- 
less-steel plates (Fig. 15.9). Each 
bend of plates has a welded-on corner 
plate which forms a vertical pocket for 
trapping and removing moisture. 
Steam washing. Re-writing equa- 
tion (14.4) in the form: C,= 
=C,,(w+kq). it may be seen that steam 
quality can be improved by either im- 
proving the quality of feed water 
(which involves extra expenditures on 
water treatment), or decreasing the 
waler content of steam (achieved by 
separation of moisture from steam 
flow), or by decreasing the distribu- 
tion coefficient. The distribution coe- 
fficient is the constant of equilibri- 
um between boiling water and satu- 
ruled steam and depends on pressure 
and on the physico-chemical properti- 
es of substances dissolved in water. 
For a particular dissolved substance, 
given pressure and given concentra- 
tion of the impurity, the distribution 
coefficient is constant. In turn, ka = 
= Cdis/Cdis, and therefore, cleaner 
steam can be produced at 4y=constant 
by decreasing the concentration of im- 
purities in water, which again invol- 
ves extra expenditures on water treat- 
ment. 

Noting, however, that the purity of 
delivered steam is determined not by 
the water from which it is generated, 
but mainly by the water with which 
il contacts on entry into the steam space 
of the drum, itis possible, with feed 
water of a given quality, to substanti- 
ally reduce the concentration of im- 
purities in steam by washing, i.e. 
by passing it at the last stage of the 
process through a layer of pure water, 
say, condensate or pure feed water. 
This is accomplished in bubble-cap 
steam washers. 

Steam washing by bubbling consists 
essentially in the following (Fig. 
15.10). Suppose that dry steam of a 
sall concentration C,, is generated 
from boiler water with a high concen- 
tration of salts Cre. In this process, 
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15.9. Saturated 
steam drier 


? and = $-—constant-veloclty 
channels; 2 and 6—perfora- 
ted plates, 3— horizontal chu- 
te; 4— drainage pipes; 7 --cor- 
rugated plates; &8—moisture- 
frnpping pocket 


Vig. 


Steam outlet 





leam inlet 


8 enlarged 





an equilibrium will be established ac- 
cording lo the dissolving power of 
the sleam with respect to a given sub- 
stance, which depends only on the 
process parameters. The equilibri- 
um slate is characterized by the di- 
stribution coefficient k) = C,,/Cyy. 
As steam passes further through a la- 
yer of feed wator with a low sall con- 
centration C;,,, a now equilibrium state 
is established and the steam will 
have another salt concentration cor- 
responding to the distribution coeffi- 
cient ky = Cyg/Cyyp. 





Fig. 15.10. Prinel pnl diagram of steam wash- 
ng 


As the new equilibrium is estah- 
lished, the dissolved impurity in 
steam will partly pass over into water, 
since C,,/C;,, > kp, and therefore, its 
concentration in the steam will de- 
crease and that in the wash water, in- 
crease. With a good, sufficiently long 
contact between the two phases, 
C ylC pun > k- 

Sinco both processes (steam genera- 
tion and washing) occur at the same 
pressure, k, = k,. Furthermore, sin- 
ce Cow is much greater than C,,,, 
it turns out that C,, is much lower 
than C,,. A strong washing effect can 
be achioved by passing steam in fine 
jets through a water bed, for instance, 
through a perforated plate. Upon wa- 
shing, saturated steam is subjected to 
secondary separation to reduce its 
moisture content roughly to its pro- 
washing level. The simplest steam-wa- 
shing device is a perforated plate onto 
which wash water is poured (Fig. 
45.11). For efficient operation, wa- 
ter should not be allowed to pass thro- 
ugh the perforations, especially at 
low loads. This is attained by main- 
taining a definite steam velocity (see 
Sec. 13.2). 
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Fig. 15.41. Steam washer 


Steam washing is carried out in the 
steam of a boiler drum (sec Fig. 15.4). 
The edges of the perforated plate are 
bent. up to retain the required layer of 
water. The dimensions of the washing 
device are such that tho internal dia- 
meler of the drum must not be less 
than 1 600-1800 mm. Feed water is 
used for steam washing. The flow rate 
of wash water is determined by the 
steam-generaling capacity. In mo- 
dern steam boilers, all feed water is 
fed into a distributing box and the ex- 
cess of water flows through a slit in 
the box directly into the water space 
of the boiler drum, i.e. it does not par- 
ticipale in steam washing. 

Stepped evaporation. The balance 
of salls for the simplest version of tho 
waler conditions of a drum-type boi- 
ler with blow-down (Fig. 15.12) is 
as follows: 


DC, + Doalog = (D + Doa) Cho 
(15.5) 


Dividing both parts of equation 
(15.5) by D and denoling Dyy/D = 
= p, we obtain: 


C, + PC ra = (1 + P) Che 
wherefrom 


Coa= 


(15.6) 


1-H P) Cyw—Ca 
UHP) Chm —~ Ce (45.7) 


Neglecting the salt content of steam 
(C, ~ 0) and assuming, for instan- 


DACs 


Dye Se 


Crw Cow sa 

Fig. 15.12. Simplified diagram of organiza- 

tion of water conditions in a boiler drum 

Ciw Cou Cha C,—concentratlons of substances 

respectively in feed water, boiler water, blow 
down water, and steam 
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Fig. 15.13. Diagram of two-stage evapora- 
tion 

Designations lhe same as in Fig. 15.12; additonal- 

ly: ny and nyy—sicam-generating capacities of the 


first and second evaporation stages, percent of the 
steam-generaling capacity of the plant 


ce, that the blow-down ralio p = 1%, 
we have: 
(OM) Che 
Cra = Cow = ere ear 101C,,, 
(15.8) 


As follows from this equation, steanr 
is generated under the given condi- 
tions from boiler water with the salt 
content excecding that of feed water 
by 101 times. The quality of steam can 
be improved by more intensive blo- 
wing-down, but this is economically 
inefficient. For continuous blowing- 
down, the blow-down ratio is taken 
within 0.5-1.0% if the water loss is 
replenished by distillate from evapo- 
rators or by demineralized water, and 
0.5-3% of chemically purified water is 
added. 

A more efficient method is that of 
stepped evaporalion proposed by 
E. i. Romm. The boiler drum is divi- 
ded by a partition into two compart- 
ments (Fig. 15.13). Each of them is 
connected to a group of circulation 
Circuits not interconnected by the wa- 
ter path. The water spaces in the two 
compartments communicate only 
through a small hole provided in the par- 
tition. Feed water is fed into the first 
(larger) compartment and blowing- 
down is effected through the second 
(smaller) compartment. Boiler water 
can flow through the partition hole 
from the first into the second compar- 
tment, but the water level in the latter 
always remains below that in the for- 
mer. Steam is removed from the drum 
only through the first compartment, 
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Thus, the device shown in Fig. 
15.13 has two evaporation stages. As- 
suming, for instance, the relative 
sleam-generating capacily of the first 
stage ny = 80% and that of tho sc- 
cond stage, nı == 20%, Lhe concen- 
trations of impuritics in boiler water 
will be respectively as follows: 

in the ist evaporation stage: 


[ert (nit Py) Nhe 


nut pP 


OHD Cw ge 
= OC 


21 
(45.9) 


1 
Cou = 


and in the 2nd stage: 


FP) Conn 

oak 
(20-[- 1) 4 BC jin 

T a 


Cis 


= 101€;,, 
(45.10) 


As may be seen, in two-stage eva- 
poration, Cj, is much lower than 
Cl, and for this reason the first com- 
partment, where the salt content of 
water is not high, is called the pure 
compariment and the second, where 
water has a high salt content, is cal- 
led the salt compartment. The ratio 
CLIC], is called the concentration ra- 
tio. In the above example, 80% of the 
total quanlily of steam are generated 
from water having a low salt concen- 
tration, and therefore, the main mass 
of steam produced has a higher quali- 
ty than in the scheme with one eva- 
poration stage, and only 20% of the 
total quantily of steam are generated 
from water of the same quality as in 
the single-stage method. Therefore, 
the quality of steam in two-stage eva- 
poration is substantially better than 
in single-stage evaporation. 

The overflow of water from the pu- 
re to the salt compartment is essential- 
ly internal blowing-down of the for- 
mer. In contrast to external blowing- 
down, internal blowing-down invol- 
ves no losses of heat, nor of the wor- 
king fluid, so that the blow-down ratio 
can be chosen solely from considera- 
tions on how lo obtain the best quality 





100% ag” 0 


Fig. 15.14. Determination of the optimal 
capacity of salt compartment 
Blow-down ratio: py < pe < pi 


of steam. In turn, the blow-down ratio 
determines the sleam-generating ca- 
pacity of the salt compartment, which 
can be oblained from the appropriate 
calculation, Assuming various values 
of the  steam-generating capacity 
of the sall compartment, yy, one 
can determine the quality of satura- 
ted sleam produced al a selected value 
of p of external blowing-down. It is 
clear that al ny = O and ny; = 100% 
there will be no stepped evaporation 
and the quality of steam in these ex- 
treme cases will be the same and cor- 
respond to the highest contamination. 
In the whole region of stepped evapo- 
ration O < ny; < 100%, tho quality 
of steam will be higher (it will have a 
lower content of impurities) than in a 
simple single-stage scheme (Fig. 15.14). 
One can calculate the optimal steam- 
generating capacity nı at which 
steam will have the lowest concentra- 
tion of impurities. Each particular 
value of p in external blowing-down 
has a corresponding optimal value 7. 

With internal stepped evaporation 
in boiler drums, the difference in the 
water levels in the compartments is 
nol large in view of the limited height 
of the water and steam space of the 
drum. This may cause a reverse over- 
flow of water. If this difference is in- 
creased by raising the water level in 
the pure compartment, the height of the 
steam space will diminish, and there- 
fore, the carry-off of water droplets 
will increase. A decrease in the waler 


Salt compartment 





Fig. 15.15. Two-stage evaporation circuit 
with an external cyclone 
1—drum; s evaparating tubes of pure compart- 
n; 


ment; j—feed water 4—sall compartment 
(external cyclone); 5—downlake tube, 6—evuporat- 
ing tubes of salt compartment; 7— blow-down; 
a—feed linr of snit compartment, &—cross-over 
steam tube; Jo -steam-circulating tube 


level in the salt compartment may di- 
sturb the circulation. 

With the use of external steam- 
separating cyclones, the difference in 








Jrd evaporation 
stage 






evaporation 


evaporation 
Stage 


stage 


Fig. 15.16. Three-stuge evaporation circuit 
with on external third stage 
1—drum; 2, 3, and $— 1st, 2nd and 3rd evaporation 
stages; ¢—fced water in; 6—third-stage downtake 
tube; 7—third-stage evaporating tubes; 8—blow- 
down; 9 and f!0—cross-over tubes for water and 
sleam; !i!—steam-circulaling t 
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the water levels in the compartments 
will be high enough to avoid a rever- 
se overflow of water. For this reason, 
schemes with external cyclones are 
preferred, especially at a low capacity 
of the salt compartment. 

The effectiveness of stepped evapora- 
Lion increases, though not in proporti- 
on, with the number of stages. Two- 
and three-stage schemes have found 
wider application. The second evapo- 
ralion stage can be arranged cither 
inside the boiler drum as in Fig. 15.15, 
or outside, i.e. in externa] cyclones 
(Fig. 15.15). In a three-stage scheme, 
the first and second stages are usually 
arranged in the boiler drum and the 
third in an external cyclone (Vig. 
15.16). 

In external cyclones, the steam and 
water space may be of any height. 
This ensures thorough drying of the 
steam (due to a high steam space) 
and reliable operation of the circula- 
tion circuits (due to a high water spa- 
ce), and prevents water carry-over 
from the salt to the pure compartment. 

Stepped evaporation makes it pos- 
sible to improve the purity of steam 
at a given quality of feed water and 
given blow-down ratio. Furthermore, 
steam that is adequately pure can be 
obtained from water of a lower qua- 
lity, which makes the water-troat- 
ment system simpler and less expen- 
sive. Additionally, stepped evapora- 
tion can increase the efficiency of a 
steam-turbine plant, since the blow- 
down ratio can be reduced without a 
significant loss in steam quality. 
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PROCESSES ON THE FIRESIDE OF HEATING SURFACES 


16.1. Mechanism of Scaling 


Various mineral impurities which 
pass into boiler furnaces together 
with the organic mass of solid fuels 


are transformed in tho high-tempera- 
ture zone: parl of them are melted 
and combined into larger particles 
which fall onto the furnace bottom as 
slag, while the main mass of fine par- 
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ticles of ash are carried off from the 
furnace by combustion products. The 
behaviour of ash particles in the fur- 
nace and flue ducts of boiler depends 
on their composition and physical 
properties (melting point, viscosity, 
thermal conductivity, etc.). 

The composition of ash includes a 
small quantity of low-fusible compo- 
unds. mainly chlorides and sulphates 
of alkali metals [NaCl]. Na,SO,, CaCl,, 
MgCl., Al, (SO,)31 with a ‘melting 
point of about 700-850°C. They are 
vaporized in the high-temperature zone 
of the flame core and then condense 
on the surface of the tubes, since 
the temperature of walls of clean tubes 
is always less than 700°C. 

Medium-fusible components of ash, 
with a melting point of 900-1 100°C 
(FeS, Na,SiO,, K,SO,, etc.), can form 
the primary sticky layer on water- 
wall and platen tubes if the high-tem- 
perature zone is too close to the tubes 
owing lo improper organization of 
combustion (the flame touches the tu- 
bes). 

High-melting compounds of ash are, 
as a rule, pure oxides (SiO,, Al,O;, 
CaO, MgO, Fe,O,, etc.). Their melting 
point (1 600-2 800°C) exceeds the high- 
est temperature in Lhe flame core, so 
that they pass through the combustion 
zone without being changed, i.e. they 
remain solid. Since their particles 
are small, these components are main- 
ly carried off by the gas flow and con- 
stitute what is called fly ash. 

In the zone where the temperature 
of gases is still high (above 700- 
800°C), low-fusible compounds are 
first condensed from the gas flow on 
the surface of clean tubes and form the 
primary sticky layer on them. At the 
same time, solid (high-melting) ash 
particles adhere to this layer. They 
solidify and form the primary dense 
layer of slag which is firmly bonded to 
the tube surface. The temperature on 
the outside surface of the layer incre- 
ases and further condensation from 
gases is thus stopped. The rough out- 
side surface of that layer retains fine 
solid particles of high-melting ash 
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which fall on it; these form an exter- 
nal loose layer of deposits. Thus, depo- 
sits on the tube surface in this regi- 
on of gas temperatures most often ha- 
ve two layers: a dense internal layer 
and a loose, or friable external layer. 

Ash particles can quickly form grow- 
ing deposits on furnace tubes in the 
zones whore high-temperature gases 
contact waler walls. First, ash and 
slag particles in a semi-liquid or sof- 
tened state are thrown onto the sur- 
face of the tubes; upon cooling, they 
adhere firmly to the surface. The pro- 
cess is called slagging. Slag aggregati- 
ons may be quite large in size and have 
a mass of up to a few tons. The pre- 
sence of relatively easily fusible par- 
ticles in the combustion zone is deter- 
mined by the formation of eulectics 
between metal oxides MeO (such as 
CaO, MgO, FeO or Fe,O3) and silica 
SiO, or alumina minerals based on 
Al,O,. The ash of most Solid fuels 
contains 5 to 40% of metal oxides 
MeO. A higher concentration of MeO 
lowers the softening temperature of 
ash and creates the risk of slagging. 


„However, if ash contains more than 


80% of Al,0O, + SiO,, its melting 
point rises substantially; it becomes 
high-melting. 

With an unfavourable mineral com- 
position of fuel (if the content of cal- 
cium oxide CaO is more than 40%), 
sintering (sulphation) may start in a 
deposited friable layer formed on the 
heating surfaces if SO, is present in 
the flue gases. The process results in the 
growth of dense, firmly bonded slag 
deposits on the tube surface (Fig. 
16.1). Slagging may occur on the tu- 
bes of water walls, platens, and secti- 
ons of the convective superheater in 
the region of gas temperature up to 
600-700°C. Caked deposits may over- 
lap intertubular spacings of a width 
of up to 400 mm. Horizontal and slight- 
ly inclined tubes are slagged more 
intensively than ure vertical tubes. 

In zones of relatively low gas flow 
tomperatures (less than 600-700°C) 
which are typical of heating surfaces 
in the convective shaft, friable depo- 
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Gas flow 





Fig. 16.1. Caked deposits on the surface of 
a tube 


sits are more likely to form. There is 
no dense underlayer on tho surface of 
tubes, since the condensation of alka- 
li metal vapours has already been fi- 
nished before that region. 

Loose deposits chiefly form on the 
back side of tubes relative to the direc- 
lion of gas flow, i.e. in the turbulent 
zone that forms behind the tube (Fig. 
16.2). On the front side of the tubes, 
loose deposits can only form at low 
velocities of the flow (less than 5- 
6 m/s) or when the flow carries very 
fine fly ash. 

In analysing the formation of fria- 
ble deposils, ash particles are divided 
into three groups according to their 
size [17]. The first group includes the 
finest fractions (called  inertialess 
particles) which are so small that they 
move along the flow lines of gases. 
Therefore, the probability of their 
sellling onto the Lube surface is jow. 
This group includes particles of a 
size of up to 10 pm. 

Coarse fractions, more than 30 pm 
in size, are placed in the second group. 
Theso particles possess a sufficiently 
high kinetic energy to destroy looso 
deposils on contact. 

The third group includes ash frac- 
tions of a size between 10 um and 
30 pm. When gases flow around tubes, 
these particles settle chiefly on tube 
surfaces and form a layer of deposits. 
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Fig. 16.2. Formation of loose deposits on 
tubes at various directions and velocities of 
gas motion 





In the final result, the thickness of 
loose deposits is determined by the 
dynamic equilibrium between the pro- 
cesses of continuous settling of medi- 
um fractions and those of destruction 
of the settled layer by coarser partic- 
les. 

Loose deposits on tube surface im- 
pair heat transfer, which is estimated 
by the fouling coefficient: 


© = Ôpifhal (16.1) 


where ô, and 4,, are the average 
thickness and conductivity of the slag 
layer over the tubo perimetcr. 

The fouling coefficient g, (m= K H)/W 
characterizes the thermal resistance 
of slag layers. The fouling of tubes 
with fly ash deposits depends only 
slightly on the concentration of ash 
in the gas flow. A difference in the 
rate of deposition may be observed only 
a few hours after starting-up until a 
dynamic equilibrium is established 
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Fig. 16.3, Fouling cocfficient for tubes depending on the concentration and particle size of 
ash in gas flow. (tubes: d = 38 mm, #,/d = s,/d = 2) 
(a) depending on the UUme of operation; (b) depending on flow velocity; J—ash concentration 21 g/m*; 2— 
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(Fig. 16.32). On the other hand, the 
size composition of ash has a strong 
effect on the formation of deposits. 
Finer fractions of ash cause more in- 
tensive fouling of tubes with a thick- 
er layer of deposits being formed 
(Fig. 16.38). 

The degree of tube fouling depends 
substantially on the gas flow velocity. 
The amount of medium-size particles 
that settle on Lubes increases roughly 
in proportion to flow volocity. The 
destructive effect of coarse particles, 
on the other hand, increases in pro- 
portion to the third power of velocity, 
the total result being that the thick- 
ness of the deposits on the tubes de- 
creases with an increase in gas veloci- 
ty. As demonstrated by experiments 
(Fig. 16.2), the intensity of tube fou- 
ling in a cross flow does not depend 
on the direction of flow. Under com- 
parable conditions, vertical tube 
coils are less subject to fouling. 

Tho degree of tube fouling heavily 
depends on the type of tube bundles 
(staggered or in-line) and the longitu- 
dinal pitch s, of tubes in staggered 
bundles. Under comparable conditi- 
ons (the same gas velocity and tube 
diameter), the fouling coefficient for 
staggered bundles turns out Lo be 1.7- 
3.5 times that for in-line bundles 
(Fig. 16.4). 

Tube fouling increases significant- 
ly if the gas velocity is less than 3- 
4 m/s. For this reason, the operation 
of heating surfaces of boilers at such 
low velocilies is unadvisable. Since 


7 g/m®; 3—fine ash (mesh residue Kso = 24.5%); 4—coarse ash (mesh residue Ry, = 52.5 


%) 


the load of a boilor can drop in opera- 
tion by as much as 50% of tho rated 
capacity, the nominal gas velocity at 
the rated load should be not less than 
56 m/s. 

In boilers fired on high-sulphur fuel 
oil, both sticky deposits and dense glas- 
sy deposits can form on the heating 
surfaces in the zones where the gas 
temperature is below 600°C. Sticky 
deposits on the heating surfaces of con- 
vective superheaters and economizers 
primarily contain vanadium compo- 
unds (mainly V,0,;) and sulphates. 
Dense deposits consist mainly of iron 
sulphates and calcium and sodium 
oxides. Deposits that form during fu- 
el oil burning have a tendency lo grow 
up quickly, which may greatly impa- 
ir heat transfer, increase resistance of 
the gas path, and shorten the cam- 
paign of the steam boiler plant, 


107m? H/I 
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Fig. 16.4. Comparison of fouling coeffi- 
cients for various tube bundles 
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Since fuel-oil ash deposits contain a 
noticeable quantity of vanadium and 
sulphur, they are essentially acid. The 
addition of cerlain substances with al- 
kaline properties to fuel oil makes ash 
deposits more friable. The same effect 
is obtained by a particular combusti- 
on process, for instance, at an excess 
air ratio close to unity [17]. 

Some methods of cleaning heating 
surfaces from deposits are based on 
the dynamic effect of jets of steam, 
water or air. The effectiveness of such 
jets is determined by their range, i.e. 
by the distance at which a jet still 
has a sufficient dynamic head to de- 
struct deposits. Water jets have the 
grealest range and the highest ther- 
mal effect on dense deposits. Devices 
based on this effect. are used for clea- 
ning furnace water walls. Water blow- 
ing should, however, be calculated 
carefully so as to avoid sharp cooling 
of the tube motal upon removal of 
the deposits. 

Maulti-jet retractable blowers have 
found wide application for cleaning 
radiation heating surfaces and convec- 
tive superhcaters. They operate on 
saturated or superheated steam sup- 
plied at a pressure of around 4 MPa. 

Platens and in-line tube banks are 
cleaned by vibration cleaning: high- 
frequency vibrations transferred to 
heating tubes disturb the bond between 
the tube metal and deposits. Vibration 
cleaning is carried out by means of vi- 
brators attached to water-cooled rods. 

Tho most efficient method for clea- 
ning convective heating surfaces in 
the downtake shaft of boiler furnaces is 
shot-blasting, which utilizes the kine- 
tic energy of flying 3-5 mm cast-iron 
shots. Shot is carried upwards in the 
air flow and distributed over tho whole 
cross seclion of the shaft. The use 
of shot is determined from the opti- 
mal intensity of shot-blasting, usual- 
ly 150-200 kg/m? of a convective shaft 
cross section. The shot-blasting pro- 
cedure usually takes up 20-60 s. 

Shot-blasting is effective if it is 
regularly carried out soon after boiler 
start-up when the heating surfaces 
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are still relatively clean. Recently, 
the heat-wave cleaning method has fo- 
und use. It is based on the applica- 
tion of acoustic low-frequency waves 
generated in a special explosive-com- 
bustion impulse chamber. 

Regenerative air heaters arranged 
outside the boiler are cloaned by blow- 
ing their packing with superheated 
steam (at a temperature 170-200 degC 
above the saturation point). Less fre- 
quently, water washing (water remo- 
ves sticky deposits, but increases cor- 
rosion) or shock-wave cleaning and 
thermal cleaning aro omployod. 7'her- 
mal cleaning is based on periodically 
raising the lemperature of tho regene- 
rator packing up to 250-300°C by 
interrupting the air supply to the ap- 
paratus. In this way, sticky doposits 
are dried up and sulphuric acid is va- 
porized. 


16.2. Abrasion Wear 
of Convective Heating Surfaces 


The steam boiler designer should 
pay serious attention to measures pre- 
venting abrasion wear of the tubes of 
heating surfaces by particles of ash 
and unburned fuel. An improper selec- 
tion of gas velocities in tho flue duct 
of the convective shaft can lead to 
intensive wear of tube metal in cer- 
tain places, thinning of the walls, and 
even break-through of the tubes. 

The mechanism of abrasion wear is 
essentially as follows. Coarso parti- 
cles of ash, which may be quite hard 
and have sharp edges, impinge on the 
walls of a tubo and continuously cut 
off microscopic layers of metal. Thus, 
in critical places the wall is gradually 
thinned. Particles of unburned fuel 
{in particular, of harder grades, such 
as anthracite or somianthracite) can 
also cause abrasion wear of the surfa- 
ces. 
Thus, wear of the boiler tubos is 
determined first of all by the abrasi- 
veness of ash particles, which, in turn, 
depends on the content of SiO, in 
ash and increases noticeably when 
SiO, >60%. Wear intensity also de- 
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Fig. 16.5. Distribution of cuarse fractions 

of fly ash behind a turning chamber aod 

zones of dangerous abrasion wear of metal 
of the heating surfaces 


tq) coils parallel to the boiler front; (b) colls per- 

pendicular to the boiler front, 1—-coils; 2—turning 

chamber, 3— distribution of coarse ash fractions, 
4--zone of abrasion wear of tubes 


pends on the total ash content of fuel, 
A". 

Tbe intensity of abrasion wear of 
healing surfaces may he uneven over 
the cross seclion of a gas duct in which 
the heating surface is located or aro- 
und the tube perimeter. Ti increases 
significantly in places where (he gas 
flow turns through 90°, say, on entry 
into the convective shaft (Fig. 16.5), 
Coarser ash particles are thrown against 
the rear waJl of the shaft, which 
leads to grealer wear of the tubes ar- 
ranged on that wall. In the cross flow 
of staggered tube bundles, the grea- 
test abrasion wear occurs on the front 
portions of tubes al an angle of inci- 
dence of gas flow of 30-50° (Fig. 16.6). 
In in-linetube bundles, the intensity 
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16.6. Abrasion wear of a tube in cross 
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flow 
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Point of highest wear by ash 





Fig. 16.7. Abrasion wear of a tube in 
longitudinal flow in an air heater 
I1—tube, 2—upper tube plate 


of wear is substantially lower, since 
some tubes are in an aerodynamic sha- 
dow behind those in front of them. 
With the longitudinal flow of gases in 
tubes (as in air heaters), abrasion wear 
occurs in the inlet portion of a tube at 
a Jength of 150-200 mm due to impin- 
gement of coarse particle on the wall 
just after constriction of the gas jet 
(Fig. 16.7). Farther in the tube, the 
flow is stabilized and coarse particles 
move parallel to the tube walls. 

Convective tube banks should have 
no longitudinal gas channels in which 
gas velocity might increase substanti- 
ally. Wear on the outer bends of a 
tube is especially dangerous, since the 
tube wall in such places is thinner. 

The intensity of wear is determined 
by the following factors: 

(1) the kinetic energy of ash or fuel 
particles, which is proportional to 
the square of gas velocity wg; 

(2) the number of particles (concen- 
tralion pasn) passing along the sur- 
face per unit time, which depends on 
the ash content of fuel and is an in- 
creasing function of wy; 

(3) non-uniformity of ash concentra- 
tions in the gas flow, A, and of gas 
velocities in the cross seclion. Kw 

(4) the density of tubes in a huadie, 
i.e. the relative tube pitch s,” 
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In the final result, the intensity of 
wear, mm/year, depends on the third 
power of gas velocity: 


s,—d \1.8 
an ts 
(46.2) 


where « is the coefficient of ash abra- 
siveness, mm s*/(g h), m is the index 
of wear resistance of tubes, which de- 
pends on the steel composition, and t 
is the time of operation of a surface, h. 

For tho normal operation of a tube 
for al least 10 years (t = 60 000- 
100 000 h), the allowable wear of its 
wall is /,,. = 0.2 mm/year. 

For staggered carbon-stee] Lube bun- 
dies with s,/d = 2.5,\the allowable gas 
velocities delermined by the normal 
wear by the ash of various fuels are 
as follows: 


lice = aMkypasn (Kotte)? ( 


Fuh Aona ic ae er Moe oe an ae Ue, m/s 
Ekibastuz coal . 2... 2... - 7.0 
Moscow district coal . 2. 1... 9.0 
Chelyabinsk coal . 10.0 
Kizel coal deg ca rea n ah Sys 10.5 
Anthracite grade ASh ...... 11.5 
Donetsk coal grade T ....... 12.0 


To select the proper gas velocity 
in the gas duct of a steam boiler, the 
most economically favourable gas ve- 
loicty Wac (see Sec. 20.6) should be 
compnred with the allowable velocity 
Wase delermined by the conditions of 
wear. If it turns out thal wpe > 
> wee, the latter can be used in cal- 
culations. Otherwise, the velocity of 
gases should be limited by the condi- 
tions of wear, which necessitates an 
increase in the dimensions of heating 
surfaces and flue ducts. 

In any case, the risk of abrasion 
wear should be minimized by taking 
proper measures to prevent wear of tu- 
bes. These include placing steel cuffs 
on the Lube in the places where increa- 
sed wear is most probable, such as tu- 
be bends and mounting cut-in inserts 
in the inlet portions of air heater tu- 
bes, etc. These devices are detachable 
and can be easily replaced when the 
boiler is shut down for repairs and in- 
‘speclion of healing surfaces. 
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16.3. Corrosion of Heating Surfaces 


High-temperature corrosion. The 
term ‘high-temperature corrosion’ im- 
plies corrosion damage of the metal of 
tubes which are in contact with high- 
temperature combustion products 
(Ög > 700°C). It includes two kinds 
of corrosion which occur in various 
zones of the boiler and are of different 
chemical nature. Ono of them is the 
corrosion of water walls in the boiler 
furnace in the zone of the flame core, 
which is fostered by the coritact of tu- 
be metal with sulphurous gases. Ano- 
ther kind is the corrosion of superhea- 
ter tubes and their fastening elements 
in the presence of vanadium oxides 
in the gas flow. 

Corrosion onthe fireside of water walls 
occurs in boilers fired by pulverized 
coals with a low yield of volatiles 
(anthracites, semianthracites, lean co- 
als) and high-sulphur fuel oil. This 
kind of corrosion develops intensive- 
ly on tubes at the level of furnace bur- 
ners or slightly above it in the zones 
directly swept by flame. Under unfa- 
vourable conditions, the rate of cor- 
rosion wear on the front portions of 
tubes may be as high as 3-4 mm/year, 
i.e. water wall tubes in this zone gel 
out of order in less than one year 
(with the wall thickness 5-6 mm). 

As established experimentally, the 
main corrosion-active component in 
furnace gases is hydrogen sulphido 
H,S. Even with a slight volume con- 
centration of H,S at a surface (0.04- 
0.07%), the rate of metal corrosion 
increases roughly tenfold. At tempera- 
tures of 1 400-1 600°C, hydrogen sul- 
phide burns in the presence of oxygen 
almost instantly. Therefore, it can be 
present in the zone near the water wall 
only in a reducing medium where oxy- 
gen is locally deficient. 

The primary product of the reaction 
of H,S with tube metal is ferrous sul- 
phide FeS which is then changed to 
ferrous sulphate and flakes off from 
the tube surface, thus exposing the tu- 
be metal to further corrosion. 
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‘lo avoid corrosion damage lo waler 
walls, fuel and air should be distribu- 
ted evenly between the burners so 
thal the excess air ratio in each bur- 
ner is grealer than unity. It is advi- 
sable to keep the flame from striking 
the water walls; this is achieved by 
arranging Lho oxtreme (corner) bur- 
ners farther from the side walls or by 
turning them towards the furnace cen- 
tre. 

Corrosion of the Lubes of convective 
superheaters has been detected on the 
combustion of fuel oils when the tem- 
perature of the tube walls excoeded 
610-620°C. This kind of corrosion, cal- 
led vanadium corrosion, is caused by 
the vapours of vanadium pentoxide 
V.O, formed in furnace gases. If fu- 
el oil contains sodium oxide, the com- 
bustion products will contain sod- 
ium vanadates (5V,0;-Na,0-V,0,) 
which have a low melting point 
(tmp = 600°C). If the temperature of 
the superleater tubes is above 610°C, 
sodium vanadates can form a liquid 
film which is corrosive for various 
steels (carbon, low-alloyed and au- 
stenitic steels). Uncooled fastening 
and spacing clements of tubes whose 
temperature is close to that of the ga- 
ses are also subject to heavy vanadium 
corrosion. 

Corrosion is enhanced in the presen- 
ce of sulphur oxides in the gas flow. 
Sodium pyrosulphates Na,S,0, are 
most dangerous for the metal; in com- 
bination with V.O,, they make the 
medium highly corrosive even at tem- 
peratures near 600°C. Tho highest 
rate of corrosion is observed at 700- 
750°C and is typical for tube-fasten- 
ing elements. 

‘The rate of vanadium corrosion can 
be diminished by giving various alka- 
li additives to fuel oil, such as an aqu- 
cous solution of MgCl, in a concentra- 
tion of 0.6-0.8 kg per t fuel oil. The 
most efficiont method, however, is to 
keep the temporature of superheater 
tubes below 600°C. 

Low-lemperature corrosion. This 
kind of corrosion occurs on Lhe hea- 
tine surfaces of air heaters which ope- 
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rato at relalively low temperatures of 
tho gases and working fluid (air). 

The decisive factor in intensive low- 
temperature corrosion is the presence 
of sulphuric acid vapours in the flue 
gas flow. As the sulphur of the fuel 
burns in the flame core, it forms sul- 
phurous anhydride SO,. With a cer- 
tain surplus of air, SO, is further oxi- 
dized to SO, by atomic oxygen 0” 
that forms in the high-temperature 
zone of the flame due lo chain reacti- 
ons of combustion and thermal disso- 
ciation. Sulphuric anhydride can dis- 
sociate only at rather high tomperatu- 
res. The resulting reaction of formati- 
on and dissociation of SO, in the fla- 
me zone can be written as follows: 


h Ke 
S0,+0" —> SO, —> SOg+4/202 (16.3) 


where ky and A, are the reaction rate 
constants of the direct and reverse reac- 
tion, with 4, being greater than Ka. 
Asa result, SO, appears in a noticeable 
concentration al the boundary of the 
flame core, but dissociates on comple- 
tion of combustion. Its concentration 
then gradually decreases. 

As the temperature nf gases in the 
gas path gradually decreases, the pro- 
cass of SO, dissociation is retarded and 
is practically stopped at $, = 1 200- 
4 250°C. Thus, with quicker cooling 
of the gases in the gas path, the resi- 
dual concentration of SO, will be 
higher. 

As the gases pass furthor through 
convective heating surfaces, the con- 
centration of SO, may even rise. De- 
positions on heating surfaces, such as 
soot particles, may serve as catalysts 
for the afteroxidation of SO, to SO,. 
As a result, the concentration of SO, 
in the gases constitutes 1-5% of the 
initial content of SO,, or 0.002- 
0.010% of tho total gas volume. 

In the zones where the gas tempera- 
ture drops dewn below 500°C, SO, 
begins to react with water vapours and 
forms sulphuric acid vapours which 
aro carried by the gas flow. Tho pro- 
cess is completed at a temperature 
near 250°C. 
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Corrosion on heating surfaces may 
start if the temperature of the wall 
and the boundary layer at the wall 
turns out to be below the condensati- 
on point of water vapours or sulphuric 
acid vapours at their partial pressures 
in the gases. The temperature at 
which moisture is condensed on a so- 
lid surface is called the thermodynamic 
dew temperature (dew point) tq.,. For 
pure water vapours at their partial 
pressure in combustion products 
Pu, = 0.01-0.015 MPa, tap = 
= 45-54°C. If sulphuric acid vapours 
are present in the gas flow, the tem- 
perature of condensation (sulphuric 
acid dew point tå p) is substantially 
higher (up to 140-160°C), 

For fuel oil combustion, the dew 
point can be roughly determined from 
the formula: 


th p. =ta.p.-| 250 V S'O, (16.4) 


where S” = S”/Q? is the resolved 
sulphur content of fuel, % kg/MJ, 


and O, = zia =i) 
si a 


on of surplus oxygen in the gas flow, 
%. 

With a higher sulphur content of 
fuel and higher excess air ratio a, 
more SO, forms in gases, resulting in 
a higher dew point. 

Figure 16.8 presents the diagram of 
phase equilibrium between liquid and 
vapour in the two-component system 
H,O-H,SO, at various partial pressu- 
res of water vapours. The lower curves 
at p = constant describe the boiling 


is the concentrati- 
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Fig. 16.8. Phase equilibrium of H,O-H,S0O, 
system at various pressures 
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Fig. 16.9. Effect of temperature on the 
corrosion rate in packing sheets of regenera- 
tive air heater 
t—high excess alr ratio In furnuce (a, < 1.1): 
2—lowest allowable exeess nir ratio (a, = 1.02- 

1.03) ! 


temperature of an aqucous solution of 
sulphuric acid as a function of acid 
concentration, and the upper ones des- 
cribe condensalion temperature (dew 
point) of vapours. As may be seen, 
even a slight concentration of H,SO, 
vapours in flue gases (the dotted line 
on the left) sharply increases the con- 
densation temporature, and the liquid 
film formed on the wall has a high 
concentration of sulphuric acid. 

Figure 16.9 shows two typical cur- 
ves of corrosion rale at different tem- 
peratures on low-temperature heating 
surfaces in contact with the flue gases 
obtained on combustion of high-sul- 
phur fuel oil. As may be seen, the rate 
of corrosion varies non-mouotonical- 
ly with the wall temperature (Fig. 
16.9, curve Z). As ¢, decreases from 
the dew point (around 145°C), corro- 
sion first increases sharply to a maxi- 
mum at tẹ = 105-410°C, then falls 
off steeply, and finally, at temperatu- 
res of the wall below 85-90°C, there 
is a second rise in the rate of metal 
corrosion. 

Corrosion of metal occurs in the pre- 
sence of a condensed liquid film con- 
taining H,SO, on the metal surface. 
It can continue further if new portions 
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of H,50, are supplied from the gas 
flow. Thus, the rate of corrosion is 
proportional to the condensation rate 
of H,SO, vapours. 

The intensification of corrosion at 
temperatures below 85-90°C is deter- 
mined by the effect of the solution of 
sulphurous acid H,SO, on the motal, 
which forms at low temporatures by 
the combination of H,O and SO, on 
the liquid film surface. 

The rate of corrosion in the tempe- 
rature range of 80-120°C decreases sub- 
stantially at a decrease in the excess 
air ratio (curve 2 in Fig. 16.9), which 
is associated wilh a less intensive for- 
mation of SO, and H,SO, vapours in 
the flue gases in thal temperature 
range. The same effect on the corrosion 
rate is obtained with a decrease in the 
sulphur content S” in fuel. In this 
case, the maximum of corrosion rate as 
a function of wall temperature ty 
retains its original position. The in- 
creased rate of corrosion at fẹ below 
80°C does not significantly depend on 
air conditions, since it is determined 
by the effect of sulphurous, rather 
than sulphuric, acid on the metal. 

The flow of gases produced by the 
combustion of solid fuol carries a large 
amount of fly ash, the basic proper- 
ties of which are due to the presence of 
compounds of calcium and other alka- 
li metals. As fly ash reacts with 
sulphuric acid vapours, the concentra- 
tion of sulphuric acid in the gases 
decreases, resulting in a lower corro- 
sion rate. 

To avoid low-temperature corrosi- 
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on, it is essential that ¢, = tapt 
+(10-15)°C, i.c. the wall temperature: 
should be 10-15 deg C higher than the- 
sulphuric dew point. This is economi- 
cally feasible only in the combustion 
of low-sulphur fuel oils and sulphurous- 
solid fuels, for which the sulphuric dew 
point ta'n. does not exceed 100-110°C, 
In other cases, the temperature of flue 
gases, which is determined by ¢,,, will 
be too high. 

The lowest allowable temperature 
on the surfaces of a tubular air heater 
can be found from the formula: 


OBa pOu + Gals 


mi. 
0.0 paa 


w (16.5) 
where @g and ca, are the coefficients 
of heat transfer at the gas and air 
sides of the heating surfuce, W/(m? K), 
0, and ta are the temperatures of the 
gases at the exit and the air at the in- 
fet, °C. 

The coefficients 0.5 and 0.95 con- 
sider respectively the effect of tube 
fouling on the gas side and non-uni- 
formity of the temperature field of ga- 
ses over the cross section of the gas 
ducl. 

Under comparable conditions, the 
minimal wall temperature of regenera- 
tive air heaters is 10-15 deg C higher- 
than that for tubular air heaters, sin- 
ce for the former a, is roughly equal 
to a, while for the latter, a, = 
x 1.8 ag. 

Methods for increasing the wall Lem- 
perature 2,, of air heaters and reducing. 
the rate of metal corrosion will be dis- 
cussed in Ch. 19. 
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Ch. 17. Evaporating Heating Surfaces 


EVAPORATING HEATING SURFACES 


17.1. Heat Absorption by Evaporaling 
‘Surfaces and Their Layout 


Evaporating (steam-generating) sur- 
‘faces of various boilers may differ in 
-design, but are always arranged, for 
the most part, in the furnace shaft 
and absorh radiant heat. The water 
‘walls of a hoiler receive 35-40% of 
the total heal released in the furnace. 
This, in turn, has a strong effect on the 
-distribution of heat between various 
heating surfaces (Table 17.1). For in- 


Table 17.1. Heat and Temperature 
Distribution Between Boller Heating 
Surfaces 


Heat distribution 








as w, & 
z3 | fe fe, | fe] j> 
že ea a a ee 
bed ks a 3 
Be ae | PE È Z 5 
GS ase ce z E 2 
4 440) 145 62 19 19 
40 540 215 49 30 21 
14 570 230 39 36 25 
14 570/570 | 230 32 46 22 
25.5 | 565/570 | 260 — 58 42 
:stance, al an average pressure of 


4 MPa, the heat absorbed by radiant 
heating surfaces is insufficient to co- 
ver the total heat demand for steam 
‘generation (62%), so that part of the 
heal spent on water evaporation is 
transferred to the economizer. For 
this reason, the economizer of medium- 
pressure drum-type boilers is usually 
‘of the boiling Lype, i.e. water is not 
‘only heated int il to the saturation 
dine, but also partially vaporized. 


In high-pressure drum-type boilers 
(14 MPa or more), the fraction of heat 
used for evaporation is considerably 
lower (see Table 17.1), so that the 
heat transferred in the furnace is suffi- 
cient to produce the required quanti- 
ty of sleam and the economizer can be 
of the non-boiling type. Once-through 
boilers are also provided with non-boil- 
ing economizers (see Sec. 11.2) from 
which water passes to the evaporating 
tubes through a distribution header. 
If the header were fed with a steam- 
water mixture rather than with water, 
this would cause an extremely uneven 
distribution of the mixture between the 
parallel tubes. 

In medium-pressure drum-type boi- 
lers, additional evaporating surfaces 
are formod by a boiling economizer 
and, somelimes, by convective eva- 





Fig. 17.4. Types of water walls 


(a) with smooth (bare) tubes; 

finned tubes; (e) gas-tight with welded-on rectan- 

gular fins: (d) gas-tight with metal bullding-up 
belween tubes 


(b) gas-tight with 
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Fig. 17.2. Types of refractory-faced water walls 
(a) smooth-tube vertical water wall, (b) membranc-type verlical water wall; (e) platen wall; f—studs; 2 


tube; s—holler enclosure; ¢—chromite paste, 5--carborundum, d—cross-piece 


porating surfaces or convective banks. 
In once-through boilers, convective 
evaporaling surfaces form a transition 
sone in the convective gas duct, which 
resembles a tube-coil economizer; it 
is arranged belween the superheater 
and economizer. Inthe lransition zone, 
evaporation ends and the steam is 
slightly superheated (by 10-20 deg C). 

In all boiler systems, evaporating 
surfaces for pressures above 14 MPa 
are almost exclusively arranged in 
the furnace shaft in the form of water 
walls which ahsorb radiant heat. 

Water walls may be either bare-tube 
in design, with small spacings (4- 
6 inm) left between parallel tubes 
(Fig. 17.1¢), or gas-tight, made from 
pressed or rolled finned Lubes, smooth 
tubes with rectangular fins welded to 
them or from smooth tubes with inter- 
tubular spacings filled with building- 
up metal (Fig. 17.1b-d). Water walls 
in which tubes are welded togethor 
and form an all-welded gas-tight struc- 
ture are alternately called mem- 
brane walls. or membranes. 

In boiler furnaces which burn low- 
volatile fuels, the zono of stable igni- 
lion and intensive combustion of the 
fuel is formed at the burner belt level 
by making water walls from studded 
tubes and coating them with a refra- 
clory material (refractory-faced water 
walls, Fig. 17.2). 


17.2. Reliable Designs of Water Walls 


Bare-tube water walls are employed 
in all hoiler systems with vacuum (ba- 
anced draft) furnaces. In natural- 


circulation boilers, water walls are 
almost exclusively arranged vertical- 
ly or, sometimes, at a sleep angle. 
In once-through and multiple forced 
circulation boilers, where the motion 
of the steam-water mixture can be ef- 
fected at velocilies preventing the 
disturbance of hydraulic condilions, 
the evaporating healing surfaces can 
be orienled at any angle, i.e. the wa- 
ter walls may be vertical, horizontal 
or ascending-descending. 

Because of the differences in natural 
circulation and forced circulation, the 
reliable designs of water walls for 
gravily-circulation boilers and once- 
through boilers will be discussed se- 
parately. 

Methods for increasing circulation 
reliability. In properly designed and 
manufactured circulation circuits ope- 
rating under normal conditions, there 
are usually no difficulties as regards 
the roliability of circulation. Let us 
recall, however, that the driving cir- 
culating head decreases with increa- 
sing pressure (see Sec. 12.1). An increase 
in the unit steam-generating capa- 
city of a boiler is associated wilh in- 
creasing the width of the water walls 
of circulation circuits, which may in- 
volve large non-uniformities in the 
heating of parallel tubes and adversely 
affect the circulation. With an increas- 
ing sleam-generating capacity, the 
healing intensity of evaporating tubes 
increases substantially. 

As power engincoring develops and 
employs increasingly more powerful 
boiler units for high steam parameters, 
the reliability requirements of boi- 
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lors, especially of their circulation cir- 
cuits, become more and more rigo- 
rous, 

Disturbances in circulation condi- 
tions mainly occur due to uneven hea- 
ting across the width of a circuit. Non- 
uniform heating along the height 
of the tubes in a circuit is of 
minor importance, since in that case 
all parallel or vertical tubes recei- 
ve roughly the same quantity of heat 
and are cooled similarly by the pas- 
sing water. Uneven heating across the 
width of a circuil may he caused by 
an improperly designed circulation 
circuit (sce Fig. 12.11) or by inadequate 
operating conditions (see Fig. 12.12). 
The former problem can usually be 
remedied to some extent at the design 
stage. Disturbances duc to inadequate 
operaling conditions are less determi- 
nate. The main cause of non-uniform 
heating is slagging of tubes. Slagging is 
never uniform all over the surface 
of a water wall and depends on many 
factors, in particular, on the air con- 
ditions in the furnace, the distribu- 
lion of fuel by burners in the furnace, 
etc. Heavily slagged. and Lherefore, 
poorly heated tubes acquire on the 
whole substantially less heat than do 
clean tubes and for that reason develop 
a lower driving circulating head, 
meaning that less cooling (circulating) 
water passes through them. Such tu- 
bes are cooled poorly; in exposed por- 
tions free from slag they may become 
overheated. 

With an increase in pressure, espe- 
cially at p > 16 MPa, the useful cir- 
culating head noticeably decreases (seo 
Fig. 12.3). This involves a decrease in 
the circulation ratio which has a rath- 
er strong effect on the temperature 
conditions in the metal of the heated 
tubes. For this reason, it is essential 
to ensure the required circulation ra- 
tio at the design slage of circulation 
circuits. 

The reliability of circulation can 
be increased by increasing the circu- 
lation ratio or by dividing wide water 
walls into narrower sections (water 
wall seclionalizing). 
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Fig. 17.3. Diagrams of natural-circulation 


circuils 


(a) with direct’ delivery of a steam-waler mixture 
fo boiler drum; (b) with a steam-water mixture 
passing through a header; 7--water-feeding (down- 
fake) lubes; 2—evapuraling (uplake) tubes; g— 
steam-tirculaling tubes; 4—-header 





Increasing the circulation ratio. In 
circulation circuits, evaporating tu- 
bes can be connected either directly 
to the boiler drum or through headers 
and sleam-circulating tubes. 

For a given steam-gencraling capa- 
cily of a circuit, the required circula- 
tion ralio is ensured if the flow rate 
of water is sufficient for the reliable 
cooling of the heated tubes. This is 
achieved by properly selecting the 
cross seclion of water-supply and steam- 
circulating tubes in the circula- 
tion circuit (Fig. 17.3). 

As shown in Fig. 17.4, for a cir- 
cuil with steam-generating Lubes con- 
nected directly to the boiler drum 
(Fig. 17.3a) and with a small cross 
section of the downtake tubes, the curve 
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Pig. 17.4. Effect of the resistance of water- 
feeding tubes on the Mow rate through eva 
porating tubes 
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of hydraulic resistance of these tu- 
hes, APaesi, Passes quite steeply and 
intersects the curve of useful heads in 
the circuit Sy, at point A, (the wor- 
king point of the circulation diagram). 
At that point, the hydraulic resist- 
ance is too high, and therefore, the cir- 
culation velocity and flow rate of 
water are limited. Under such condi- 
tions. the stagnation margin of cir- 
culation diminishes sharply, while the 
limited flow rate of water may fail 
to ensure reliable heat removal from 
the evaporating tubes. 

By increasing the cross section of 
the downtake tubes, their hydraulic 
resistance is decreased (Apaes), thus 
decreasing the circulation head (wor- 
king point A.) and increasing Lhe mar- 
ginto stagnation. In this way, the total 
flow rate of water increases through 
both the uptake tubes and. more 
important, through the poorly heated 
tubes, improving their operating con- 
ditions. 

The cross section required for down- 
tako tubes is determined by calcula- 
ting the circulation; at high pressures, 
it may be taken equal to 0.4-0.5 of 
the cross section of uptake tubes for 
water walls on furnace sides and 0.7- 
0.9 of their cross section for platen 
walls. 

In the circulation circuit with steam- 
circulating tubes shown in Fig. 
17.3b, it is essential. for more reliab- 
le circulation, to additionally dimi- 


Fig. 17.5. Circulation characteristics of 
a furnace water wall 


(a) distribution of useful head and circulation 
velocity across the width of a sectionalized wa- 
ter wall: !—drum; 2—upper header: 3— mid- 
die water wall tubes; ¢—corner water wall 
tubes; 5—lower header; 6—tubes connected 
into a separate circuit; -- — — unsectionalized 
water wall: —sectionalized water wall: 
(b) circulation dingram: 1—S a of a weakly 
heated circuit; 2-S,, of an intensively 
heated circult; AP ten — Pressure gradient before 


sectlonalizing; Abde ANC ÂP resa pressure 
gradients in the eircults after sectlonalizing 





nish the hydraulic resistance of the 
steam-circulating tubes, which can 
be achieved by increasing their cross 
seclion or decreasing their length. 
The total cross-sectional area of steam- 
circulating tubes is usually 30- 
60% that of the steam-generating tu- 
bes. 

Water wall sectionalizing. Sinco une- 
ven healing of evaporating tubes is 
the principal causo of dangerous situ- 
ations, water walls are sectionalized, 
i.e. a group of tubes which are heated 
similarly are combined into a soction 
which is fed separately with waler. 

Figure 17.5 shows the distribution 
of velocities in a water wall heated 
unevenly across its width. The cor- 
ner tubes receive substantially less 
heal than those in the middle of the 
wall and therefore cannot develop the 
same useful head S,, = Apaes as in 
the properly heated tubes in the mid- 
dle of the wall, so that circulation 
stagnation, free water level or cir- 
culation reversal are likely to ap- 
pear in them. By providing partiti- 
ons in the upper and lower header, 
corner tubes can be separated into an 
individual circulation circuit (sec- 
tion), so that the circulation veloci- 
ties in Lhe two circuits can be roughly 
equalized. The useful head in tho se- 
parated section will then decrease 
somewhat, but the margin to stagna- 
tion and circulation reversal will in- 
crease for the same non-uniformity 
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of heating across the wall width, and 
the circulation velocity will be in- 
creased (working point A‘ in Fig. 
17.5b). In the section with intensive- 
ly heated tubes, the useful head will 
increase and the circulation velocity 
will decrease somewhat, but the mar- 
gin to slagnalion and circulation re- 
versal in that section still remains 
sufficiently large (working point A” 
in Tig. 17.55). 

In gravity-circulation boilers, fur- 
nace water walls are usually made 
from baro Lubes covering all the sides 
of the furnace. In high- and superhigh- 
pressure boilers, tubes with an inside 
diameter of 40-50 mm are used. Down- 
take tubes have a diameter of 60- 
160 mm or more. Large-diameter tu- 
bes (600-800 mm) are sometimes em- 
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ployed in the downlake system of 
high-capacity boilers. 

Figure 17.6 shows a typical lay-out 
of furnace water walls and their ele- 
ments in a high-pressure boiler. Wa- 
ter walls Z, 6, and 7 represent. a system 
of parallel vortical tubes. Some por- 
tions of the Lubes may be steeply in- 
clined to match the shape of the fur- 
nace (tubes forming the dry-boltom 
hopper 9, Lubes around burner ports 
&, elc.). In high-pressure boiler plants 
where the available radiant heat re- 
leased in the furnace is greater than 
that required for steam generation, 
evaporating heating surfaces do not 
cover the entire surface of the fur- 
nace. Therefore, other types of hea- 
ling surfaces can be arranged in it. 
Should this be the case, evaporating 





Fig. 17.6. Arrangement of water walls in the furnace of a high-pressure boiler 
i—front water wall; £—downtake tubes; 3—roof water wall; 4—ateam-circulating tubes; 5—sla; screen; 
&—rear waterjwall; 7—side water wall; &—1ube arrangement around hurner ports; 9—dry hottom®hopper; 

10—holler structure; 77—slag screen header; 42- reinforcement belt 
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Fig. 17.7. Section of a curtain wall (platen) 


7—-lower header; 2.— lubes; 3—upper header; ¢— 
windows; 5—points of tube welding 


surfaces are arranged on the vertical 
walls of the furnace and superheater 
surface 3, on the furnace roof. Radia- 
tion superhealers can also be arranged 
at Lhe top of the front wall or along 
the entire height of the furnace front; 
in some cases, superheater and evapo- 
rating sections are arranged allerna- 
tely. 

All upper headers are mounted rough- 
ly on the same height and suspen- 
ded from the boiler structure. Furnace 
water walls are provided with ri- 
gidity belts 72 of steel sections, which, 
on heating, can move freely together 
wilh Lubes. Furnace waler walls of- 
ten carry a boiler setting which is co- 
vered on the outside by a casing, or 
shell (sce Sec. 21.1). Thus, the boi- 
ler structure carries the suspended wa- 
ter wall system together with the boi- 
ler settling and casing. A conneclion 


unit of the ascending or descending tu-- 
bes to the movable rigidity belts is- 
shown separately in Fig. 17.6 (unit 
I). The entire water wall tube system 
and boiler setting attached to it can 
expand freely downwards. 

In high-capacity boilers, curtain 
walls, or platens, are ofton used which 
separate the furnace into a number of 
vertical shafts (see Sec. 7.1). Platens- 
are suspended in the same manner as 
side water walls. Some tubes in a pla- 
ten are bent to form windows in the 
top portion or along the whole height 
of il; these are provided to equalize 
the pressure on both sides of a platen 
and prevent bending of tubes should 
a ‘puff’ occur in the furnace (Fig. 
17.7). 

Mcthods for enhancing the reliability 
of water walls in once-through boilers.. 
Water walls in once-through boilers 
are arranged either vertically or ho- 
rizoulally (see Fig. 11.1). Depending 
on the orientation of the tubes, they 
may receive different quantities of 
heat along the furnace height and 
depth and across the width. 

In boilers with horizontal or slight- 
ly inclined tubes, evaporating tubes. 
are multiply wound around the peri- 
phery of the furnace (Fig. 17.8). Lf 
one of the furnace sides is heated more- 
intensively than others, this non- 
uniformity across the width or depth 
of the furnace (or, what is the same, 
along the path of the working fluid): 
will have no effect, since all Lubes pass 
around all the sides of furnace and 
non-uniform heating will be of the- 
same degree in all parallel tubes. 

In order to minimize the mass of the 
tube system, the furnace water walls 
of high-capacity high-pressure boi- 
lers are made from tubes of a small 
inside diameter (25-40 mim). In this 
case, the number of parallel tubes. 
must be increased to maintain the 
same mass flow rate. These two cir- 
cumstances, i.c. an increased boiler 
capacity and smaller tube diameter, 
require that the width of the tube 
band in the furnace he increased. 
With a wider lube band, non-unifor- 
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mity of heating along the height of 
‘the furnace in the parallel tubes of a 
band becomes more substantial. Be- 
cause of this, the working fluid flow 
in high-capacity boilers is divided 
into a number of parallel flows, i.e. 
a number of parallel tube bands are 
arranged in the furnace. Thus, the 
width of a band and non-uniformity 
-of heating in it can be decreased in 
proportion to the number of flows 
(Fig. 17.9). Bands are wound conti- 
nuously in a helical pattorn onto all 
four sides of the furnace, thus provi- 
ding for an ascending motion of tho 
flow. Various systems of tube win- 
-ding in the furnace are in use. Usual- 
ly, the inclined tubes of a band are 
arranged on two side walls, while the 
‘front and rear walls of the furnace car- 


Fig. 17.9. Effect of the horizontal 
coiling band width on heating non- 
uniformity 
-(a) single-pass coflingy (b) two-pass coiling 
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Fig. 17.8. Development of furnace water 
walls of a Ramzin once-through boiler 
2—supply headers; 2—discharpe headers 


ry horizontal tubes (Fig. 17.8). In 
other versions, a band rises on the rear 
side only or else on all four walls. The 
angle of incline of a band depends on 
its width (the number and diameter of 
Lubes) and on the width of the furnace 
walls and is usually equal to 12-15°. 
The number of tubes in a band is de- 
termined by the boiler capacity and 
the mass velocity of fluid in the tubes, 
which for tho zone of intensive hea- 
ting is taken equal to roughly 
1000 kg/(m? s) at p <10 MPa and 
1 500-2 000 kg/(m? s) at higher pres- 
sures. An excessively high mass velo- 
city may involve a high hydraulic re- 
sistance. 

The bending of straight portions 
of horizontal tubes is prevented by 
fastening them in three points: fixed- 


ad pass, 
2nd turn 
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Fig. 17.10. Diagram of fastening of water 
walls with horizontally coiled tubes 
t—mavable fastenings; 2 —fixed fastenings 


ly in the middle and in movable sup- 
ports to allow for thermal expansion, 
at the ends (Fig. 17.10). llorizontal 
winding of the tubes simplifies the 
connection of water walls on adjacont 
furnace sides. remedies the problom 
of shadowing the corner Lube portions, 
and improves the conditions of uni- 
form heating of individual tubes, sin- 
ce tube bands extend around the whole 
perimeter of the furnace. With hori- 
zonlal tube winding, however, it is 
more difficult to make water walls in 
the form of blocks and the Lube system 
has more welded joints. A version of 
horizontal winding is the meander sys- 
tem, i.e. asyslem consisting of a num- 
ber of vertically arranged tube coils 
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Fig. 17.14. Section of a water wall with 
horizontal ascending coils 
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Fig. 17.12. Series connection of sections of 
a furnace water wall 


t—inlet of the working fluid into the water wall: 
2—water wall sections; 3g—downtoke tubes; 4— 
to next section 


with essentially long horizontal por- 
tions and short vertical bends (Pig. 
17.41). This system is less sensitive 
to uneven heating, especially when the 
cross-sectional dimensions of the fur- 
naces are large, and is employed where 
the water walls are not made gas-tight. 
Tube fastening in the meander sys- 
tem is, however, more intricate. 

Vertical water walls in once-through 
boilers resemble those in gravity cir- 
culation boilers and occupy the whole 
surface of furnace walls. For more uni- 
form heating, waler walls are seclio- 
nalized across the furnace width, the 
sections being connected in series, 
thus forming a multi-pass system (Fig. 
17.12). Individual sections are con- 
nected by downLake tubes, which eli- 
minate the maldistribution of heat 
due to flow inlermixing, but make the 
design and operation of water walls 
more complicated. 





Fig. 17.13. Series connection of parallel- 
connected sections 


t—-Inlet of the working fluid; 2- sectionsi 3— 
mixer; 4 downtnake tubes; 5—lo next section 
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Fig. 17.14. Diagrams of vertical water walls 

(a) without parting Joint; (b) with parting Joint; 7— 

suspension, 2—watrr wall, J—movabie fastening: 

¢—supporl fastening; 5—parting jJolnt seal; 6— 
air blowing 


Water walls of a narrow width are 
heated essentially uniformly. In high- 
capacity boilers, narrow vertical wa- 
ter walls are combined into parallel 
blocks which are connected with one 
another in series (Fig. 17.43). 

Vertical water walls can be conve- 
niently made in the form of blocks, 
i.e. sysloms of vertical tubes connected 
to headers at the ends. Fastenings of 
walls and moans for their thermal ox- 
pansion may be various (Fig. 17.14). 
The tube system of a water wall is 
usually suspended by ils upper hoader 
and can expand downwards freely 
(Fig. 17.142). In high-capacity boilers, 
water walls nre usually sectionalized 
vertically, i.e. they have a parting 
joint amid their height (see Figs. 
22.4 and 22.5). In such a system (Fig. 
17.44b), the upper section tubes of a 
water wall arc suspended by the upper 
header from the boiler structure. The 
lower section tubes arc fastened at the 
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Fig. 17.15. Diagram of octahedral furnace 
(plan view) 


dry-boltom bend to the structure. 
Both sections can expand towards the 
parting joint, which has a width of 
200-300 mm in the cold state so that, 
being heated, they come close together 
to the minimum gap 6,. Ash deposits 
in the joint are periodically removed 
by air blowing. 

In order to diminish non-uniform 
heating across the width of vertical 
water walls, tho corners of the furnace 
are sometimes ‘cut. off to give an 
octahedral shape in plan (Fig. 17.15). 
This furnace shape is not very conve- 
nient indesign, but is advantageous in 
the respect that a vertical whirl of 
flame can be easily formed in it if cor- 
ner burners are arranged tangentially. 

The hydraulic system of boilers is 
often made in the form of U-, NM-, 
or N-shaped multi-pass sections with 
vertical uplake and downtake tubes 
(see Sec. 11.3). Since all parallel tubes 
in the system pass through the same 
unevenly heated zones along the fur- 
nace height, they reccive essentially 
the same quantity of heat. 


17.3. Gas-tight Water Walls 
and Methods for Enhancing Their 
Reliabllity 


Water walls in gas-tight boilers are 
made in the form of vertical sections. 
To ensure proper strength, the tempe- 
rature difference between the joined 
tubes should not exceed 50-100 deg C. 
This requirement can be easily satis- 
fied in single-pass vertical motion 
(short tubes) where the temperature 
difference of the working fluid in ad- 
jacent tubes does not exceed the allo- 
wable limit and no special measures. 
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Fig. 17.16. Diagram of an all- 
welded two-pass water wall (2) and 
curve of temperature gradients in 
connected sections at the inlet 
Attn and exit Stout (b): 


J and 2—water wall sections; J and 
é—inlet and outlet of the working fluid 


are needed. In a two-pass scheme, ver- 
tical water wall sections are arranged 
side by side, with the working fluid 
flowing successively from one section 
to another (Fig. 17.16a). A large tem- 
perature difference between adjacent 
sections (At > 50-100 deg C) may lead 
to excessivo temperature stresses and 
even break-through of tubes. 

Furnace water walls, especially in 
supercritical-pressure boilers, opera- 
te under heavy conditions: high tem- 
perature and pressure of the working 
fluid, high temperature of the flame, 
intensive heating, and corrosive flue 
gases. In this respect, it is extremely 
important to increase the reliabilily 
of the water walls. With proper or- 
ganization of the processes at both 
sides of the heat-transfer surface of 
water walls in gas-tight boilers, this 
is achieved by decreasing the tempe- 
rature difference Af as much as pos- 
sible. The main methods for decrea- 
sing the temperature difference het- 
ween welded sections are as follows: 
recirculating the combustion products 
and the working fluid, intermixing 
the working fluid along its path (along 
tho length of wator walls), and bypas- 
sing a portion of the cold flow. 

Cold flow bypassing. In this scheme 
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(Fig. 17.17a), a portion of the working 
fluid is bypassed around the first sec- 
tion of the heated water walls, which 
increases the heat absorption per unit 
flow rate and increases the fluid tem- 
perature at the outlet from that sec- 
tion. The temperature difference Atout 
between the welded sections is thus 
reducod and can be retained at the 
allowable value even in the most cri- 
tical zone at the outlet from the sec- 
tions (Fig. 17.176). The redistributi- 
on of the flow rate belween a section 
and a bypass line has almost no effect 
on Atin. 

In the ahove scheme, the mass velo- 
city along the path increases: it is the 
lowest in the first pass of the lower 
radiation section and the highest in 
the second pass, which makes it pos- 
sible to raise the temperature of the 
fluid at the inlet to and exit from the 
first pass so that it approaches the re- 
spective values in the second pass 
(Fig. 17.17b). The quantity of by-pas- 
sed fluid is determined by the ratio 
of mass velocities of the fluid and the 
heat release rate in the furnace. It 
is roughly equal to 20% of D,, which 
ensures satisfactory temperature con- 
ditions and reliable operation of the 
water walls. 


Fig. 17.17. Diagram of a bypassed 
all-welded two-pass water wall (a) 
and curve of temperature gradients 
of connected sections at the inlet 
Atin and exit Atout (b) 
Designations the same as in Fig. 17.16 
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Recirculation of the working fluid. 
In this method, tho flow rate through 
heavily heated water walls is inerea- 
sed by supplying a portion of the flow 
which has passed through the lower 
radiation section (Fig. 17.18a). For 
the same heating intensity, this meth- 
od decreases the gain in enthalpy 
of the working fluid. The temperature 
of the fluid at the inlet to the heating 
surface increases, while Lhe temperatn- 
re al its outlet remains the same as 
without recirculation (Fig. 17.184). 
Accordingly, the lemperature diffe- 
rence At belween welded water walls 
decreases to a safe value. 

Provision of an additional flow of 
the working fluid at low loads, say al 
starl-up, ensures reliable cooling of 
tho water walls, which is especially im- 
portant in the combustion of fuel oil, 
i.e. at a high heat release rate in the 
furnace. This method makes it pos- 
sible to reduce the start-up load down 
to 15% of D,. 


st 
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Fig. 17.19. Effect of the working fluid recir 
culation on temperature gradient in connect- 


ed sections of an ay eed two-pass water 
wa 
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Fig. 17.18. Diagram of an all-wel- 
ded two-pass water wall with re- 
circulating pump 


Designations as in Fig. 17.16; additio- 
nally: 5—mixer; 6— recirculating pump 


The temperature conditions of adja- 
cent water walls depend on the circu- 
Jation ratio r which is understood as 
the ratio of the working fluid flow 
rale, with recirculation G,, to the 
straight flow rale G (without recircula- 
tion): 

r=6,/6 


As the recirculation ralio r increa- 
ses, the temperature difference bet- 
ween adjacent welded sections decrea- 
ses (Fig. 17.19). Partial ejection of the 
hot flow (Fig. 17.20) is a version of the 
recirculation method. Partial ejecti- 
on decroases the heal. absorption in 
adjacent water wall sections and ac- 
cordingly decreases the tomperature 
difference At along thoir whole height. 
Since the flow rate of the working flu- 
id increases and the heat absorption 
per unit flow rate decreases, maldistri- 
bution of heat in water wall tubes be- 





Fig. 17.20. Diagram of an all-welded two- 

pass water wall with ejector (see the curve of 

temperature gradients in connected sections 
in Fig. 17.18) 


Designations as in Fig. 17.10; addltlonally: s— 
ejector; 6--throttle 
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Fig. 17.21. Diagram of water walls 

of a gas-tight boiler with two ho- 

rizontal parting joints (see unit / 
in Fig. 17.22) 


comes less probable. The method has, 
however, certain disadvantages: the 
elevated hydraulic resistance of the 
working fluid path and the limited 
capacity of the ejector. 

Intermixing of the working fluid. 
In intensively heated tubes of furnace 
water walls, any substantial maldi- 
stribution of heat may be dangerous. 
The risk increases with increasing heat 
absorption of Lubes, i.e. with an increa- 
se in the tube length. Maldistri- 
bulion of heat should be minimized 
where possible, especially in gas-tight 
boilers. For this reason, water walls 
of high-capacity boilezs (both gas-tight 
and untight) are divided vertically 
into slages by parting joints and con- 
nected with one another by mixing 
headers (Fig. 17.21). For better relia- 
bility and gas-tightness, the number of 
parting joints should be as low as pos- 
sible; for instance, a single joint may 
bo provided belween the lower and me- 
dium radiation section or between the 
medium and upper radiation section. 
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Separation into stages decreases the 
heat absorption Ai of the fluid in cach 
stage, and therefore, decreases the 
highest temperature of the tube walls. 
The recirculation of combustion pro- 
ducts is an effective method for increas- 
ing the reliability of water walls 
(see also Sec. 18.4). Combustion pro- 
ducts are taken off at a temperature 
near 390°C behind the economizer 
and recycled into the zone of the high- 
est heat release in the furnace. Thus, 
recirculated gases dilute the oxidant 
in the zone and prolong the process of 
combustion, which leads to a lower 
temperature in the furnaco and a lo- 
wer heat release rate. This is of spe- 
cial importance in fuel oil-fired boilers 
where the waler walls are heated quite 
intensively. 
_ Gas-tight all-welded water walls 
are a kind of heating surface for in- 
tensified heating. Their mass per unit 
area of radiant hent-absorbing surface 
is 10-15% lower than that of hare- 
tube water walls. The tube pitch can 
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be increased by decreasing the number 
of tubes and selecting their total cross- 
sectional area so as to ensure the requi- 
red mass flow rate of the working flu- 
id. All-welded water walls operate 
under more favourable conditions than 
bare-tube walls, since part of the heat 
absorbed by tube fins is spread through 
the metal to the rear sides of tu- 
bes and these portions become acti- 
ve heating surfaces. Further, tubes of 
gas-tight all-welded water walls are 
held perfectly in-line and thus can- 
not shadow one another. Gas-tight 
all-welded water walls may have only 
a thin layer of heat insulation instead 
of heavy boiler setting and can be wa- 
shed by water without the risk of moi- 
stening the heat-insulating layer and 
causing corrosion in inaccessible pla- 
ces. 

For agiven tube pitch. the reliability 
of gas-tight all-welded water walls de- 
pends on the heating intensity. The 
allowable intensity of heating is de- 
termined by thermal calculation of a 
water wall which determines the best 
relationship betweon the geometrical 
characteristics (relative pitch, thick- 
ness of fins) of a water wall at a gi- 
ven tube diameter and given heating 
intensity to ensure reliable heat trans- 
fer from the fins through the tubo to 
the working fluid (seo Sec. 10.4). 

For gas-tight all-welded water walls, 
the uniform healing of their tubes is 
more essential. This requirement is 
satisfied better in gas-tight boilers 
with all-welded vertical water walls 
and ascending motion of the working 
fluid. The number of parallel tubes 
in a wall must be limited to ensure the 
required mass flow rate of tho wor- 
king fluid. In high-capacity boilers 
where the furnace shaft has a substan- 
tial perimeter, this necessitates an 
increase in the number of separate 
flows or of the number of passes con- 
nected in scries. The former measure 
is inefficient since it sharply increa- 
ses the number of tube fitlings, com- 
plicates automatic control, and im- 
pairs reliability of operation. This, in 
turn, increases the temperature dif- 
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Fig. 17.22. Parting unit of the ‘glove’ type 
i—furnace water walls; 2?—-header; 3— bor 


ference between joined tubes and de- 
creases their reliability, and further, 
increases the number and mass of un- 
heated Lubes and thus the hydraulic re- 
sistance of the circuit. 

In order to decrease the furnace pe- 
rimeter, gas-tight boilers are designed 
for an clovated steam-generating ca- 
pacity of the furnace front (80-120 
t/(h m). The depth of the furnace is 
increased somewhat to make the fur- 
nace almost square in plan, i.c. to 
obtain the minimal length of its pe- 
rimeter at a given heat release rate 
per unit area, gp. 

Figure 17.21 schematically shows 
the gas-tight all-welded vertical water 
wall sections of a gas-fuel oil-fired 
boiler type TGMP-204. They have 
two parting joints along the height. 
The ‘glove’-type parting joint is 
shown in Fig. 17.22. It is tightened by 
a shaped plate and arranged inside a 
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steel box passing around the whole 
perimeter of the furnace shaft. 

The roof wall is assembled of gas- 
tight section units. Its tubes are bent 
in certain places to form holes for the 
passage of the tubes of platens and 
convective tube banks through the 
roof. These passages are scaled, say, 
by means of bellows as shown in Fig. 
17.23. 

Of'special importance is the tight- 
ness of supercharged boilers where the 
surplus pressure of combustion pro- 
ducts in the furnace is quite high. 
Ensuring that the roof in such boilers 
is light presents certain difficulties, 
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Fig. 17.25. Tube arrangement in an $all- 
welded water wall 
I—water wall tubes; #—welded-to steel fame 


since a large number of heating sur- 
face tubes pass through the roof. To 
correct this, a second roof is provided 
above the main one, so that a ‘hot 
box’ is formed between them. Since 
the hot box and the adjacent side 
walls expand differently on heating, 
it is sealed along its periphery. The 
design of the sealing is shown in Fig. 
17.24. 

The outside enclosure of a boiler 
has 450 mm manholes for servicing 
the gas path. The tubes around a man- 
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Fig. 17.23. Sealing unit for the passage of hole are bent aside and welded to a 
tubes through furnace roof 


J—tube; 2—fixed support: 8—movable support; 
é—bellows 


steel frame (Fig. 17.25). In water walls 





Fig. 17.26. Viewhole of a gas-tight boiler 
¢ . : e 

Fig. 17.24. Peripheral sealing of a *hot box 1— pressure nut; 2—glass holder; 3s—port glaas; 
I—vertical wall of ‘hot box"; 8, 3, é¢—expansion 4—hinged flap; 5—check nut; 6—nut to control the 
compensators; 5—tubes of gas-tight water wall; gap 6; 7—annular slit for alr; 8—cona end-plece; 
@—tereth; 7—header; @—water wall suspension 9—frame; 10—pressurized alr In 
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made from finned tubes, the bent por- 
tions around the manholes are repla- 
ced by smooth tubes of the same dia- 
meter. 

The boiler enclosure also has 
100 mm viecwholes for observing the 
combustion process and inspecting the 
state of the healing surfaces. The view- 
holes are protected by refractory glass. 
In gas-light boilers, compressed air 
is supplied into the viewholes to pro- 
tect the operator when replacing the 
glass or introducing measuring instru- 
ments into the gas path (Fig. 17.26). 


17.4. Refractory-faced Water Walls 


Refractory-faced side water walls 
(Fig. 17.2a and 6) and platens (Fig. 
17.2c) are mounted in the zones of 
intensive combustion, such as slagging- 
botlom furnaces, cyclone furnaces, 
and the igniting belts of furnaces for 
low-volatile fuels. 

For making a refraclory-faced water 
wall, studs (pins) 10-12 mm in diame- 
ter, and 15-20 mm high are welded by 
resisLance welding to the surface of 
the tubes. The studs form the frame 
for carbide-silica refractory paste and 
remove heal from it to the cooled tu- 
bes. The refractory facing decreases 
the heat absorption of the tubes to a 
small fraction. On the other hand, its 
conductivity should be sufficiently 
high to transfer the absorbed heat. 

Heat absorption is also associated 
with the density of the stud arrange- 
ment, which is understood as the sum 
of the cross-sectional area of studs per 
unit area (1 m°) of water wall tubes. 
At a higher sludding density, the re- 
fractory facing is held in place more 
firmly. The limit is determined by the 
technological possibilities of stud wel- 
ding. For high-capacity boilers, the 
density of studs is usually 0.15- 
0.25. The facing is compacted by a 
pneumatic hammer to ensure its good 
contacl with the surface of studs and 
tubes. To illustrate this, Fig. 17.27 
shows temperature distribution across 
a refractory-faced smoolth-tube water 
wall (p = 10 MPa). 
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Fig. 17.27. Temperature distribution in a 
refractory-faced water wall 


J—chromlte; 2—sluds, y—waler wall tube; 4— 
insulation paste; 3, ‘—wire net; 6—fastening pin; 
7—zolonite plates; 9— tightening plaster; 20—gas- 
tight coating; A temperature of faring: po 
temperature of pin 6 i 


Studded waler walls operate under 
heavy temperature conditions, often 
resulting in burn-off of the facing and 
studs proper. The service life of re- 
fractory-faced water walls depends on 
a number of factors: furnace tempera- 
ture, the geometry and material of the 
studs, the contact resistance belween 
the metal and refractory facing, their 
conductivities, and the properties of 
slag. Under comparable conditions, 
the reliability of refractory-faced wa- 
ter walls can be noticeably increased 
by shortening the length of the studs 
to 10-15 mm and increasing the coef- 
ficient of thermal conduclivily 2 
above 6 W/(m K). 

The height of the studs and the 
thickness of facing are ‘self-control- 
led’, as it were, in the course of opera- 
tion according to the thermal condi- 
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tions in the boiler. If the heat trans- 
fer through the water wall tubes is 
too low, the surface facing the furna- 
ce is fused together with exposed 
studs, dissolves in molten slag, and is 
filled by the slag. As a result, the 
thickness of the facing and the height 
of the studs diminish to the best value 
corresponding to the heat balance of 
the wall. The carbide-silica facing is 
sometimes covered on the fireside by 
a layer of corundum paste Which has 
a higher slag resistance. Double-layer 


facing improves the temperature con- 
ditions of studs. Refractory-faced stud- 
ded tubes cause more trouble in main- 
tenance than do smooth tubes when 
burned-through portions of water 
walls must be replaced. 

In some cases, tubes are used in wa- 
ter walls, on which outer ribs are for- 
med by knurling. Knurled tubes are: 
extremely durable, firmly retain the 
refraclory facing, and are more con- 
venienl in repairs. 


STEAM SUPERHEATERS AND SUPERHEAT CONTROL 


18.1. Classification of Superheaters 


Saturated steam produced in evapo- 
rating heating surfaces is further su- 
perhealed to a specified temperature 
in steam superheaters. The superhea- 
ter is one of the most critical elements 
of a boiler plant, since it is arranged in 
the high-temperature zone and the ste- 
am temperature in it acquires the 
highest. value. 

Depending on the method of heat 
absorption, superheaters are divided 
into convective superheaters, which 
are located in the convective gas duct 
and absorb heat mainly by convec- 
tion, and radiant superheaters which 
are arranged on the furnace walls and 
absorb the radiant heat of the flame. 
In addition, there is a group of semi- 
radiant platen superheaters thal are 
mounted at the top of the boiler fur- 
nace and, partially, in the horizontal 
gas duct between the radiant and con- 
vective healing surfaces. 

One must distinguish between pri- 
mary superheaters which superheal the 
saluraled sleam just produced in the 


boiler, and intermediate (or reheat) 
superheaiers, or simply reheaters, in 
which the worked-off steam returned 
from the turbine is superheated once 
more. 

Convective superheaters are made 
from steel tubes of an internal diame- 
ter of 20-30 mm. In reheaters, the dia- 
meter of the lubes may be larger, up 
to 50 mm. 

Superheaters are usually made from 
smooth tubes, as these are less expen- 
sive and simpler to manufacture than 
finned ones. Smooth lubes are less 
prone lo fouling by ash and can be 
cleaned more easily. A drawback of 
the smooth-tube heating surfaces is 
that they have a limited heal absorp- 
tion at moderate velocities of gas flow. 
Heat transfer through tubular sur- 
faces is restricted by the heat passing 
through the external surface of a tube, 
and therefore, can be increased by ex- 
tending that surface. Thus, it has 
been proposed to make superheaters 
from externally finned tubes, which 
may have either Jongitudinal fins (fin- 
ned tubes proper, Fig. 18.1a) or 
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Fig. 18.1. Superheater lube banks 


cta) from finned tubes; (b) from cross-finned (gil- 
led) tubes; (1) cross section of a rifled tube 


transverse fins (cross-finned, or gil- 
icd tubes, Fig. 18.18). 

In high-capacity monobloc units, 
‘steam reheating is employed widely. 
‘Since the pressure of reheated steam 
is not high (34 MPa), the hydraulic 
resistance of a reheater should also 
not be high (the pressure loss not more 
‘than 0.2-0.3 MPa). This restricts the 
mass flow rate of steam and requires 
the use of tubes of a substantially lar- 
-ger diameter, resulting in a lower hent- 
transfer coefficient on the internal 
wall. Low values of the heat transfer 
coefficient a, at an intensive heating 
-of the external surfaces of a reheater 


Ch. 18. Steam Superheaters and Superheat Control 


can sometimes lead to an inadmissible 
rise of temperature, especially at the 
reheater outlet, which may turn out 
to be too high for the pearlitic steel 
of which the rehoaler is mado and ne- 
cessitale a change to a more expensive 
austenitic steel. The temperature of 
the reheater wills can be diminished 
by arranging le reheater in a zone of 
moderate heating; this, however, will 
require a significant increase in its 
surface and may be economically un- 
favourable. The internal heat trans- 
fer in the outlet (‘hot’) section of a re- 
heater can he intensified by using in- 
ternally finned, or rifled, tubes (Fig. 
18.1c). This measure develops the in- 
ternal surface and substantially de- 
creases the wall temperature. 

Superhenter tubes are bent into 
coils with a bending radius of not 
less than t.9d,,. The coil ends are 
welded to round-section headers. Tu- 
be coils may have one or more passes 
(Fig. 15.2a-d). Multi-pass coils are 
employed in high-capacity boilers. 
With multi-pass coils, there may be 
not enough place on a header for wel- 
ding the tube ends. Furthermore, the 
header walls may be weakened. This is 
avoided in a ‘glove’-type connection 
of tubes to headers (Fig. 18.2e). 





(d) 


(a) (b) (c) 


fe) 


Fig. 18.2. Types of superheater coils 


(a) single-pass; (b) two-pass, (e) three-pass; (d) 
four-pass; (r) glove-type multl-pass 
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Fig. 18.3. Motion of steam and com- 
bustion products in convective super- 
heaters 


qa) counter-flow; (b) paralicl flew; (c) and 
(d) mixed flow 


(a) 


Depending on the direction of flows 
of steam and combustion products, 
superheaters may he of parallel-flow, 
counter-flow or mixed type (Fig. 
18.3). 

A counter-flow superheater (Fig. 
48.3a) develops the highest temperatu- 
re gradient between combustion pro- 
ducts and steam, which makes it pos- 
sible to diminish the heating surface 
area and the use of metal. A drawback 
of this scheme is the elevated hazard 
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of burn-through of the last coils in the 
steam path, since both the steam and 
the combustion products have the 
highest temperature here and the tube 
metal is under heavy temperature con- 
ditions. In a parallel-flow superheater 
(Fig. 18.3b), the Lomperature gradiont 
is much lower and the tube metal ope- 
rates under more favourable Lempera- 
ture conditions, since the tube coils 
in which the stoam has tho highest 
temperature are in contact with the 
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Fig. 18.4. Tube fastenings of (a) vertical and (b) horizontal superheaters 


4--superheater tubes; 
sion; 7? 


2— root water wall; 3—refractory Packing; 4—seall. 
and 8—aupply and discharge headers, 9—water wall on the bottom of orizontal duct; !0—stands; 


box; 5—clamp; 6—suspen- 


11—support Leam; #2—metallle mesh, !3—reinforcing bars; 74—heat Insulation 





Fig. 18.5. Attachment of a horizontal con- 
vective superheater to water wall tubes 


3 and 4—headers of suspended tubes; ?—- suspended 
tubes; S—superheater bank; 5—supply hender 
of superheater 


combustion products which have al- 
ready been partially cooled in the inlet 
section of the superheater. The mixed- 
flow scheme (Fig. 18.3¢ and d) offers 
the best solulion as regards the cost 
and reliability of convective superhea- 
ters. 

The tube coils of superheaters are 
arranged either vertically or horizon- 
tally. Vertical superheaters have a 
simpler design, can be fastened moro 
reliably, and are less subject to slag- 
ging, but are undrainable, i.e. the 
condensate cannot be drained off from 
them completely. This can cause inter- 
nal corrosion and involve certain dif- 
ficulties in boiler firing. Horizontal 








Fig. 18.6. Attachment of tubes of a hori- 
zontal superheater bank to suspended tubes 


J—suspended tubes; 2—spacing tubes; 3J—super- 
heater lubes; 4— supporting strips 
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superheaters hnve a more intricate de- 
sign as regards their fastening, but 
enable complete drainage of the con- 
densate. 

Tube coils can be fastened by vari- 
ous methods depending on their ar- 
rangement. In vertical superheaters, 
the top loops are held by clamps. The 
headers and clamps are suspended from 
the boiler structure (Fig. 18.4a). Hori- 
zontal superhealers operating al the 
temporature of combustion products 
up lo 700°C are fastened to stands ma- 
de from heat-resisting steel sheets (Fig. 
18.4b). At higher temperatures, the 
stands may ho subject to intensive 
high-temperature gas corrosion, espe- 
cially in gas and fuel oil fired boilers. 
In this case, horizontal banks are su- 
spended from the tubes of the stenam- 
water path of the boiler (Fig. 18.5). 
The supporting lubes are of the same 
diameter as other tubes in the heating 
surface, but have supporting strips 
welded to them (Fig. 18.6). 

Radiant superheaters. If the heating 
surface of a radiant superheater in 
drum-type boilers is not large, il can 
be located on the furnace roof (Fig. 
17.6, item 3). Otherwise, it can occu- 
py part of the vertical walls of the fur- 
nace. In once-through boilers, the ra- 
diant superheater usually occupies the 
furnace roof, the upper and medium 
radiation sections, and the walls of 
the horizontal flue duct. 

Tho tubes of vertical and horizon- 
tal radiant saperheaters are fastened 
in the same way as in evaporating hea- 
ting surfaces. They should be allowed 
to expand freely on heating. 

Radiant superheaters have certain 
advantages, in particular, a low hydra- 
ulic resistance (fractions of a mega- 
pascal) and a low resistance on the gas 
side, since they do not block up the 
gas duct. 

Platen superheaters. A platen super- 
heater is usually a system of tubes as- 
sembled into a flat gas-tight band with 
inlet and outlet. headers. Platens are 
arranged vertically or horizontally 
with spacings of 600-1 000 mm bet- 
ween them. Vertical platens are faste- 
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Fig. 18.7. A vertical platen superhea- 
ter 
t—platens, 2—platen supply header; J— 
glaten discharge header, 4—intet box of pla- 
den superheater; 5 -outiet box of platen 
suprrheater 


ned by the upper header (Fig. 18.7). 
The principal advantage of platens is 
thal they absorb both radiant and con- 
vective heat, which ensures their high 
thermal efficiency with a low resistance 
in the gas path. Platen superheaters 
can absorb up to 50% of the total heat 
of superheating. Soflened ash parti- 
cles continuously stick to the surface 

















Fig. 18.8. Horizontal 
mounted on cooled suspended tuhes 
i—horizontal platens; #—suspended cooled tubes: 


platen superhenater 


3s—headers; 4—collecting boxes; S—spacers, 6— 
support strip of platen bank 








of platens and solidify on their tubes. 
These, however, are self-cleaned due 
to vibration, so that ash deposits can- 
not grow to an appreciable thickness. 
Dense deposits can only form in boi- 
lers fired on highly-slagging fuel gra- 
des. A drawback of vertical platens 
wilh a top header position is that they 
cannot be drained off. Horizontal 
platens are fastened by certain tubes 
from the platen bank (Fig. 18.8). 

Tubes in a platen may widely dif- 
fer in length and shape. Parallel tubes 
may absorb different quantities of 
heat. Front tubes are healed much 
more strongly than other tubes in a 
platen. As a rosult, the external tubes 
of a platen may turn out to operate 
under critical conditions. The relia- 
bility of platens is enhanced by ma- 
king one or more tubes that operate 
under the heaviest conditions from a 
more heat-resisting grade of steel or 
by using tubes of a larger diameter 
(Fig. 18.92); by making the external 
tubes of a shorter length (Fig. 18.9); 
or by shadowing the external tubes by 
a frame of tubes of another hoating 


(a) (b) (c) 


Fig. 18.9. Methods of protection of extreme 
tubes in platen superheaters 
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surface operating at a lower tempera- 
ture (Fig. 18.9c). 

Platens are usually made from 
smooth tubos. At some powor stations, 
membrane-typo platens with finned 
tubes have been tested. They are slag- 
ged less heavily and can be cleaned 
more easily; their tubes are held more 
firmly in line. Horizontal membranes 
can be supported only at the ends, 
i.e. Without intermediate supports or 
suspensions, since they have a suffi- 
ciently rigid structure. 


18.2. Operation and Reliability 
of Superheaters 


As regards conditions for creep and 
scaling, the metal of superheaters ope- 
rates practically at the upper safe li- 
mit. The margin of temperaluro riso 
of the superheater metal is rather li- 
mited, and therefore, the allowable 
maldistribution of heat (see Sec. 11.4) 
and the allowable temperature rise 
above the average (rated) value are 
very low. 

On the other hand, in high-capacity 
boilers with a high steam superheat, 
and therefore, high heat absorption of 
the superheater. an actual maldistri- 
bution of heat can easily exceed the 
allowable limit, which will lead to a 
loss in reliability of the superheater 
operation. Up to recent times, the re- 
liability of heating surfaces, in parti- 
cular of superheaters, was calculated 
for the service life of tube metal of 
100 000 hours (or roughly 15 years). 
Testing and operation of monobloc 
units have proven that the service 
life of metal can be increased almost 
twofold. On the other hand, an incre- 
ase in the temperature of the superhea- 
ter by 15-20 dog C above the rated 
value can shorten the servico life by 
roughly 50%. 

In high-capacity boilers which have 
a large cross section of gas ducts, 
the superheaters are heated extremely 
unevenly over the width and height of 
horizontal ducts and over the width 
and depth of vertical ducts. For ver- 
tical superheators with tube coils ar- 





Fig. 18.10. Steam transfer by means of 
cross-over tubes 


t—supply bender; 2--heating surface; 3—discharge 
header; ¢—steam-collecting box; 5—intermedlate 
header; 6—cross-over tubes 


ranged in the plane of motion of com- 
bustion products, and where steam re- 
peatedly changes the direction of mo- 
tion from ascending to descending 
and vice versa, non-uniformity of he- 
ating over the height of the gas duct 
is inessential since all parallel coils 
are under tho same heating conditions 
(provided that heating is uniform over 
the duct width). In horizontal superhe- 
aters with Lube coils lying in the plane 
of motion of combustion products and 
with steam changing repeatedly the 
direction of motion along the duct and 
in the opposite direction. i.c. with the 
coils arranged perpendicular to the 
front of gases, non-uniform heating 
along the length of the duct is also in- 
essential. On the other hand, heating 
in both types of superheater may be 
substantially non-uniform, especially 
in boilers with a wide furnace front. 

The effect of non-uniform heating 
across the width of a gas duct can be 
diminished by sectionalizing the su- 
perheater across its width and along 
the length of the duct. In such a case, 
it is essontial to transfer the steam 
flow in a cross-over manner, i.e. 
from one section to the opposite end 
of a next section. Steam transfer bet- 
ween sections can be effected by means 
of tubes (Fig. 18.10) or headers (Fig. 
18.11). 

In high-capacity boilers with a wi- 
de furnace front, steam transfer bet- 
ween superheater sections presents a 
much more serious problem and invol- 
ves an increase in the hydraulic re- 
sistance of the superheater. In such 
cases il is advisable to organizo combu- 
stion in the furnace so thal non-uni- 
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Fig. 18.41. Steam transfer by means of 
headers 
Designations as In Pig. 18.10 


form heating of the gas ducts over 
thoir width is minimized. ~ 

The major portion of the superhea- 
ter in a boiler is usually arranged in 
the horizontal gas duct and immedia 
tely above it, i.e. at the entry to the 
convective furnace shaft. In high-capa- 
city boilers, the depth of the shaft 
and the height of the horizontal duct 
are roughly of tho same substantial 
size, which at high velocities of com- 
bustion products results in a highly 
non-uniform velocity and concentra- 
tion fields, especially of coarse ash 
particles at turns and at the entry to 
the convective shaft (sec Fig. 16.5). 
When tube coils of the superheater 
aro arranged perpendicular to the gas 
front, all coils are subjected to wear 
by ash, which increases the scope of 
superheater repairs. In the superhea- 
ters with tube coils parallel to the gas 
front, intensive wear is concentrated 
on a small group of tubes at the rear 
wall of the gas duct. 

Tho cooling conditions for the tubes 
of superheaters and reheaters are dif- 
forent. Superheaters are cooled by 
steam from the very moment the boi- 
ler is fired and can be arranged direct- 
ly in the furnace, as well as in the con- 
vective duct. Reheaters begin to re- 
ceive steam only when the turbine is 
started up, i.e. they are not cooled at 
all for an appreciably long time during 
boiler start-up. The same is true in an 
emergency shut-down of the boiler. 
In order to avoid metal superheating, 
reheaters are preferably of the conve- 
ctivo type and, less frequently, of the 
platen type, and are arranged in the 
zones of moderate heating where the 
temporature of combustion products 
is not higher than 850°C. In a number 
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of circuits, reheaters are cooled at 
start-up and shut-down by fresh steam. 
supplied through an attemperator. 
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The temperature of tube metal in a 
superheater is substantially higher: 
than that of the steam that flows in 
it. If there is no maldistribution of 
heat between tho parallel tubes of a 
superheater, the relationship between 
these two temperatures is given by for- 
mula (10.12). Under comparable con- 
ditions (i.e. with the same values of 
la Qas Sy, and Aw), a radiant super- 
heater is he: ted much more intensively 
(q = 500-600 kW/m?) than a convec- 
tive superheater which operates in a 
zone of moderate temperatures of com- 
hustion products and has a heating 
intensity which is an order of magni- 
tude lower than the radiant superhea- 
ter. In view of the maldistribution of 
heat, the wall temperature of the worst 
malfunctioning tubes of a radiant su- 
perheater may exceed the temperature 
of the steam in it by 100-150 deg C. 

Positioning of the superheater in 
the combustion product flow depends 
on steam parameters (sce Table 17.1) 
and the arrangement of evaporating 
heating surfaces. For instance, in me- 
dium-pressure boilers (p = 4 MPa, 
t,, = 440°C) where the heat absorp- 
tion by the superheater does not ex- 
ceed 20% of the total absorption of the- 
boiler and the ovaporating surfaces. 
occupy the entire surface of the fur- 
nace, the suporheater is of the conve- 
clive type and positioned immediate- 
ly behind a membrane wall (Fig. 
18.12a). Tubes in the front rows of tho 
superheater coils are spaced widely 
apart to avoid slagging. The superhea- 
ter is made by the combined scheme- 
in order to protect the metal in the: 
last coils from tho offect of excessively 
high temperatures. It has vertical tu- 
bes. and is undrainable. 

In boilers for a pressure of 10 MPa 
and t,, = 940°C (Fig. 15.126), the 
superheater consists of a convective: 
section and a radiant platen section. 
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Fig. 18.12. Schemes of superheater arrangement 


s(a) p = 4 MPa, fpa = 440°C; (b) p = 10 MPa, tpg = 540°C; (c) p = 14 MPa, 


tee = S4H/545°C: (d) p = 


= 25.5 MPa, fp = 5465°/545°C; s—convectlve superbeater; 2—platen superheater, 3—roof superheater: 
4—convectlve reheater; 5—furnace water walls: 6—slag screen; 7—suspended Lules 


The platen section is located in the 
upper portion of the furnace in front 
of the suspended tubes of the rear wa- 
ter wall and the convective section is 
in the horizontal portion of the con- 
vective gas duct. The platens are the 
first to mect the combustion products 
-and thus protect the convective secti- 
on from slagging by ash. The two se- 
ctions of the superhenter are connected 
in series and tho hot hank is arrangod 
in the convective gas duct. Steam is 
fed from the boiler drum first into 
‘the small radiant section and further 
into the roof water wall, the platen 
section and the convective section. 

In boilers for pressures of 14 MPa 
„and ty, = 945/545°C, there are usual- 
ly a main superheater and an inter- 
mediate (reheat) superheater (rehea- 
ter), as shown in Fig. 18.12c. The ar- 
‘rangement of the main superheater is 


essentially the same as in boilers for 
p =10 MPa and ¢t,, = 540°C. The 
reheator is positioned in the convec- 
tive furnace shaft in Lhe zone of mode- 
rate temperatures of combustion pro- 
ducts (below 850°C). 

With a further increase in steam pa- 
rameters, the fraction of heat to bespent 
on superheating considerably increa- 
ses, so that the superhealor must be 
partially positioned in tho boiler fur- 
nace. In this case, it may consist of 
radiant, platen and convective sec- 
tions. 

The scheme for connection of the ele 
ments of a superheator should take in- 
to consideration that the radiant sc- 
ction operates under heavier condi 
tions than the convective section. For 
this reason, the radiant section is com- 
monly connected to be the first in the 
steam path. Platen-type superheaters 
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are also rather sensitive to disturban- 
ces in the furnace, especially those ar- 
ranged directly in the furnace. A ty- 
pical scheme for connection of super- 
heater elements in supercritical-pres- 
sure boilers is shown in Fig. 18.12d. 
Upon passing the medium and upper 
radiation sections of the boiler, steam 
is directed into a roof water wall 
and then into the platens and the con- 
vective bank of the superheater. The 
reheater is made in the form of two 
convective banks. Both the superhea- 
ter and the reheater are drainable. 
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The control characteristic, i.e. the 
relationship between the boiler load 
and the temperature of superheated 
steam, is different for various super- 
heaters. A typical feature of radiant. 
superheaters is that the temporature 
of superheated steam decreases with 
an increase in the boiler load (curve 
1 in Fig. 18.13). The quantity of heat 
absorbed by radiant heating surfaces 
depends mainly on the theoretical 
temperature of fuel combustion, tho 
flame emissivity, and the thermal ef- 
ficiency of the water walls (see Sec. 
20.3). These parameters, however, de- 
pend only very slightly on the quanti- 
ty of burned fuel, i-e. on the boiler 
load. For thisreason, the heat absorp- 
tion in a radiant superheater increases 
less quickly than the flow rate of steam 
through it, and therefore, the unit 
heat absorption (per unit of steam flow 
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Fig. 18.13. Control characteristics of super- 
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rale) decreases. In a convective supor- 
heater, the quantity of combustion 
products passing through it increases 
almost in proportion to the boiler 
load, with the result that the heat 
transfer by conduction increases in 
proportion to the power of 0.6-0.65 
of gas velocity. Thus, as the direct 
heat absorption in the furnace decrea- 
sos and the temporature.of the combu- 
stion products at the furnace exit in- 
creases, tho temperature gradient in 
the zone of convective superheater 
becomes higher. These two circum- 
stances are responsible for the fact 
that the temperature of superheated 
steam increases more quickly than do- 
es the boiler load (curve 2 in Fig. 
18.13). 

With properly selected dimensions 
of the radiant and convective super- 
heater sections, it would be possible 
to obtain a constant temperature of 
superheated steam (curve 3 in Fig. 
48.13). Under practical conditions, 
however, the temperature of superhea- 
ted steam will vary due to certain ope- 
rating factors, which include the tem- 
perature of feed water, the excess air 
ratio in the furnace, slagging of the 
furnace water walls, especially of the 
superheater, and the moisture content 
of the fuel. 

In drum-type boilers where the su- 
perheater area is fixed, the steam-ge- 
nerating capacity decreases as the 
temperature of feed water decreases. 
With a constant fuel consumption, 
this means that the quantity of heat 
of the gases absorbed in the superhea- 
ter zono per unit flow rate of steam 
increases, resulting in a higher tem- 
perature of superheated steam. In 
once-through boilers, on the other 
hand, a lower feed water temporature 
leads to a respective drop in the tem- 
perature of superheated steam, since 
the unit heat absorption remains con- 
stant. An increase in the excess air 
ratio in the furnace is associated with 
an increased quantily of combustion 
products passing through the convecti- 
ve superheater, resulting in more in- 
tensive heat exchange in this section 
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and a higher temperature of superhea- 
ted steam. An increased moisture con- 
tent of fuel leads to a higher tempera- 
ture of superheated stoam, since the 
quantity of combustion products pas- 
sing through the superheater increa- 
ses and the combustion products con- 
tain more triatomic gases; therefore, 
they have a higher emissivity and in- 
crease the heat-transfer coefficient on 
the fireside. Slagging of the evapo- 
rating water walls results in a higher 
temperature of combustion products 
at the outlet from the furnace and in 
a respective increase in steam tempe- 
rature. By contrast, slagging of the 
superheater proper impairs heat ex- 
change in it and decreases the tempe- 
rature of the superheated steam. 

In once-through boilers where the 
zone of phase transition is indefinite, 
tho actual surface area of the superhea- 
ter section varies with variations in 
operating factors owing to displace- 
ment of the end of evaporation zone. 
In this case, the temperature of super- 
heated sleam can be maintained con- 
stant by controlling the ratio between 
the water flow rate and fuel consump- 
tion. On the other hand, once-through 
boilers have a low accumulating ca- 
pacity (i.e. a low bulk of water and 
metal), and are thus rather sensilive 
to variations in the water flow rate 
and fuel consumption, which result. 
in variations in the temperature of 
superheated steam. 

In operation, the temperature of 
superheated steam is allowed to vary 
from + 5 to—10 deg C of the rated 
value. Even combined radiant-con- 
vective superheaters cannot ensure a 
constant steam temperature in opera- 
tion within these limits, becauso of 
which steam boilers are provided with 
means for superheated steam tempera- 
ture control. Since the load of a power 
station may vary considerably, the 
control means should maintain the 
rated superheat temperature within 
wido limits of steam-gencraling capa- 
cities. The temperature of superheated 
steam should be kept at the rated va- 
lue in the load range from 30° to 
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400% of the rated value and that of 
reheated steam, from 60% to 100%. 

Methods of superheated steam tem- 
perature control. There are two main 
methods for controlling the tempera- 
ture of superheated steam: steam con- 
trol and gas control. 

Steam control is hased on reducing 
the enthalpy of steam by transferring 
part of its heat to feed water or by 
injecting demineralized water into ste- 
am. These methods are usually emplo- 
yed for controlling the temperature 
of live steam. Steam control is also 
used for controlling the temperature 
of reheated steam, but in this case it 
is based on the redistribution of heat 
between the fresh and reheated 
steam. 

Gas conirol is based on varying the 
heat absorption on the fireside of he- 
ating surfaces to a value ensuring the 
desired level of superheated steam 
temperature. These methods include 
recirculation of combustion products, 
bypassing part of the combustion pro- 
ducts around the superheater, and va- 
riation of the position of the flame in 
the furnace. Gas control is employed 
mainly for controlling the temperatu- 
re of reheated steam or, if there is no 
reheating of the temperature of live 
steam. 

Steam control. Steam control has 
found wide application and is effe- 
cted in heat exchangers: surface-type 
and spray-type attemperators, or de- 
superheaters. In this case, the surface 
area of the superheater has a cer- 
tain reserve, and the excessive super- 
heat is removed in the attempcrator. 
Surface- and spray-type attemperators 
are used to contro] the temperature 
of main, or live, steam. The temperatu- 
re of reheated stenm is controlled in 
live-steam reheaters. Injection of con- 
densate into theflow of reheated steam 
is economically unfavourable, since Ue 
additional quantity of superheated 
steamthus formed enters together with 
the main steam into the turbine hypas- 
sing the high-pressure cylinder. 

The attemperator (desuperheater) 
can be mounted behind the superhea- 
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Fig. 18.44. Effect of the position of attem- 
perator on superheated sleam temperature 
in the superheater path 


(a) positioned downstream of the superheater; 

(b) inserted between superheater sections; (r) 

upstream of the superlicates; !—attemperator: 
2—allowable steam temperature 


ter, between the superheater sections, 
or in the saturated-steam line. With 
the attemperator arranged at the out- 
let of the superheater (Fig. 18.14a), 
the latter remains unprotected against 
excessive rises in the steam tempera- 
ture; for this reason, the method is 
not used for controlling the tempe- 
rature of main superheated steam. 
In other vorsions of the attempera- 
tor arrangements, the turbine and su- 
perheater are properly protected. The 
scheme with the attemperator inser- 
ted between the superheater sections 
has however a Jower inertia, especial- 
ly at high pressures (Fig. 18.146). 
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This method of steam temperature 
control shortens the steam path be- 
hind the controller and the time for 
varying the quantity of heat accumu- 
lated in the metal of the superhentor 
section behind the controller. The de- 
layed effect of the attemperator on 
the temperature of superheated steam 
is determined by the heat absorption 
of the path behind the attemperator. 
With a lower heat absorption of that 
path, the desired temperature is at- 
tained more quickly and control is 
more flexible. The drawback of this 
arrangoment (Fig. 18.414¢) is that it 
lengthens the time of response. 

A surface-lype aitemperator is es- 
sentially a tubular heat exchanger 
with cooling water (usually feed wa- 
ter) flowing in the tubes and the flow 
of steam lo be cooled (or condensed, 
if the altemperator is mounted al the 
superheater inlet), around the tubes 
(Fig. 18.15). The tube system con- 
sists of U-shaped coils mounted in 4 
cylindrical housing. 

A surface-type altempcrator is con- 
nected in series with the boiler eco- 
nomizer (Fig. 18.16). At any load of 
the boiler, all feed water passes thro- 
ugh the economizer, thus ensuring its 
reliable cooling. Surface-type attem- 
perators are employed in low-capaci- 
ty boilers. 

Water injection is the simplest meth- 
od of steam control. A spray-type al- 
temperator (Fig. 18.17) is essentially a 
portion of a header in which conden- 
sate is injected into the flow of super- 
heated steam. It is introduced through 
an atomizing nozzle with a number of 








Fig. 18.15. Surface-type altemperator 
1 und g—supply and discharge headers; 3—cover, ¢—coils, 5—box 
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Fig. 18.16. Connection of a surface attem- 
perator into the circuit 


I—drum; 23—attemperator; 3—water drainage from 
atiemperator, 4—econormizer 


j Condensate 





4099 -5000 mm 





Fig. 18.17. Spray-type attemperator 


t—atomizing nozzle; ?—plpe connection; 3— header; 
é—protective Jacket 


holes 3-6 mm in diameter. The nozzle 
is covered by a jacket (with a 6-10 mm 
gap between them) to avoid contact 
between the relatively cold condensa- 
te jots and tho header walls which are 
atthe same temperature as thesuperhea- 
ted steam. The length of the jacket 
(4-5 m) ensures complete evapora- 
tion of the water droplets inside the ja- 
cket. 

Spray-typo atlemperalors are sen- 
sitive to tho quality of spray water. 
Once-through boilers and many drum- 







Feed water 
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type boilers are fod with the turbine 
condensate and are often provided 
with spray-type atlemporators for con- 
densate spraying. If the foed water for 
a drum-type boiler is minoratized, 
condensate for spraying is obtained 
directly from the boiler (Fig. 18.18) 
by condensing saturated steam. 

It should be noted that if the spray- 
type altemperator is arranged too clo- 
se to the superheater outlet, the stoam 
temperature before tho spray nozzle 
may be loo high and will impair the 
operating conditions of the header 
metal in that place. In some circuits, 
two or even three injection points are 
provided in the steam path (Fig 
18.19@ and b) in order to control tho 
temperature of steam and prevent ex- 
cessive temperatures behind the su- 
perheater sections. The last injection 
point in a circuit is arranged before 
the last stage of the superheater at 
Ai = 160-300 kJ/kg. 

Live-steam reheater. If the main 
superheater is of the radiant type and 
the rehealer, convective, a drop in 
the boiler load will increase the tem- 
perature of main (live) steam and 
decrease that of reheated steam (see 
Fig. 18.13). To equalize the tempera- 
ture in both, it is reasonable to take 
some of the heat from tho live steam 
and transfer it to the reheated steam. 
This may be done in a live-steam rehe- 
ater, which is used essentially for re- 
distributing the heat absorbed by ra- 
diation and convection. 

A section of a live-steam roheator 
contains 10-20 tubes that are 25-35 mm 
in diameter, mounted in a 300- 
400 mm header (Fig. 18.20). The ap- 
paratus is U-shaped for better com- 
pensation of thermal expansion of the 
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Fig. 18.48. Superheat control by 

eee condensate spraying 

I J—ecconomlzer, 2—condensw:r, 3—drum; 

1 4—condensate tank: 5 nnd 7—super- 


beater; 6é—spray-lype attemperator 
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Fig. 18.19. Superheat control by 
(a) two and b three spray-type 
attemperators 


1—condenser; 2—drum; s—radiant 
auperheater on furnace wall; 4 and 16— 
radiant roof superheater, 5, 7, 17 and 
1g—platens; 6, 9, 15, 18 and #2— 
spray-type allemperators; 8, 10, 21 and 
g3—convective superhenter sections; 


JJ—economizer;, 12—lower 


radiation == SS I “1 
section; 13—medium radiation section; tt u 12 1 BA % 16 ny 18 g 20 21" 22 ay 
J4—upper radiation section; 20—live 4 7 
steam reheater (see Fig. 18.20); I, I 
and IIJ—spray lines Supply 


tube system and more compactness. 
Live (superheated) steam moves in 
the tubes and reheated steam in the 
housing (header). The temperature is 
controlled by bypassing part of the 
flow around the heat exchanger. 

Live-steam rcheaters usually have 
a number of sections, up to a few tons 
in high-capacity plants. Tho soctions 
are connected in parallel. Tho range 
of steam lemperalure control is 30- 
40 deg C. 

A live-steam reheater absorbs tho 
heat of the superhealed sleam and is 
located outside the gas path. Other 
reheating surfaces in the boiler are 
arranged in the convective gas duct 
and connected in series. 

The main connection schemes for 
a live-steam reheater in the circuit 
are shown in Fig. 18.24. In all of them, 
the live-steam rehealer is connected 
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behind all elements having radiation 
characteristics (see Fig. 18.43, cur- 
ve 7). Accordingly, the heat absorpti- 
on by the live-steam reheater increa- 
ses with decreasing boiler load. 

In the circuit shown in Fig. 18.21a, 
all superheated steam passes through 
the live-steam rehcater. The tempera- 
(ure of reheated steam ‘is controlled by 
varying ils flow rate, i.e. by directing 
part. of the reheated steam flow around 
the live-steam rehealer through a ste- 
am bypass valve, which changes the 
coefficient of heat transfer from the 
wall to steam, a,, and the temperatu- 
re gradient in the live-steam reheater, 
The drawback with this circuit is a 
high power loss due to an appreciable 
hydraulic resistance in the superhea- 
ted steam path. 

In the circuit illustrated in Fig. 
48.24b, the live-steam reheater is vir- 
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Fig. 18.20. Typical section of a live-steam reheater 


1—live-steam reheater section; 2—control valve; 3— by-pass linc; 4—spacer atrip; 5—bottom; 6—section 
head: 7—sealing disc; @—heat-exchange tubes; 9—section housing 
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Fig. 18.21. Connection of live-steam reheat- 
ers into the circuit 


t—radlant nnd semf-radiant superheater sections; 

@—convective superheater sections; s—steam by- 

ass valve; ¢—live-steam reheater; 5— mixing cham- 

er; 6 and &—convective reheater sections, 7— 
bypass line; 9—orifice plate 


tually not used al ,the rated load of 
the boiler. Almost all the superheated 
steam passes through the bypass val- 
ve and only 5% of it enters the live- 
steam heater. Al a reduced load, the 
flow rate of the reheated steam thro- 
ugh the live-steam reheater decreases, 
and the fraction of superheatod steam 
passing through it is increased by clo- 
sing the bypass valve. This ensures a 
constant reheated steam temperature 
at reduced loads of the unit. The draw- 
back of this scheme is that the cont- 
rol valves must have a large cross se- 
ction and operate at high or supercri- 
lical steam parameters. 

The scheme shown in Fig. 18.21c 
is a compromise between the former 
two. In this case, an uncontrollable 
fraction of Jive steam flows through 
the live-steam reheater; this is esta- 
blished at the rated boiler load and 
remains constant at other loads. 

The flow of reheated steam is usua- 
lly divided into the main flow, which 
passes through a live-steam reheater, 
and the bypass flow around thal rehe- 
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ater; these flows are usually control- 
led by means of bypass valves. 

Gas control. Gas control is effected 
by recirculating combustion products, 
tilting burners, turning on and off 
the burner tiers, or bypassing combu- 
stion products. 

Gas control is employed to maintain 
the desired tempera ture of the reheated 
steam, but it is associated with chan- 
ges in combustion conditions in the 
furnace, and therefore, can influen- 
ce the temperature of the superheated 
steam, too. Gas contro! involves addi- 
tional power consumption for draft 
and heat loss with waste gases and al- 
so has an effect on the temperature of 
the superheated steam, which compli- 
cates boiler operation. 

Gas control cannol ensure the spe- 
cified temperature of the suporheated 
steam and for this reason is employed 
in modern boilers only in combina- 
tion with steam control. In circuits 
with steam reheating, the application 
of the two independent contro! meth- 
ods is inevitable. 

Recirculation of combustion products. 
Combustion products at a temperature 
of 250-350°C are taken off the conve- 
ctivo shaft by the recirculation blower 
and subsequently returned to the fur- 
nace. This makes it possible to redi- 
stribute the heat between the heating 
surfaces, depending on tho circulation 
ratio. At a higher recirculation ratio, 
a greater thermal effect is obtained. 
The lowest recirculation ratio to avoid 
a reverse flow in the recirculation 
circuit and prevent the blower from 
cooling is roughly 5%. 

Recirculalted combustion products 
can be introduced into tho upper or 
lower portion of the furnace (Fig. 
18.22). The temperature und aerody- 
namic conditions in the zone of mo- 
tion of recirculated gases muy differ, 
deponding on the recirculation circu- 
it and recirculation ratio. Tho intro- 
duction of recirculated gases into the 
lower portion of the furnace decreases 
the direct heat absorption in the furna- 
ce and accordingly increases the tem- 
perature of the combustion products 
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Fig. 18.22. Steam temperature control by 
recirculation of combustion products 


qa) recirculation scheme; (b) effect of bolter steam- 
gencrating capacity on the superheat temperature 
and the fraction of recirculated combustion pro- 
ducts; /—furnace; 2~—economizer, j3—recirculating 
fan; 4—admission of cold combustion products 
into the lower portion of furnace; 5—combustion 
products recirculated into the upper portion of fur- 
nace, 6—to regencrative alr heater; 7—superheater 


at the furnace outlet. Recirculation 
increases the flow rate of gases thro- 
ugh the superheater. These two cir- 
cumstances increase the convective 
heat exchange, and therefore, the tem- 
perature of the superheated steam. 
Since recirculation decreases the direct 
heat exchange in the furnace, il has a 
positive role in protecting the water 
walls of the lowor radiation section 
against overhoating (see Sec. 17.3). 
Recirculation of combustion products 
is increased at low loads, when the 
temperature of the superheated steam 
drops, and is turned off at high loads, 
when steam superheating increases; 
as a result, the volume of combustion 
products at the outlet from the plant 
varies only slightly. Since, however, 
the volume of combustion products 
at low loads becomes higher, this 
leads to an increase in %,, and q, 
and an elevated fuel consumption. 
It is advisable to introduce recircula- 
ted gases into the hot air box of the 
burners. 

Recycling combustion products in- 
to the top portion of the furnace has 
no essential effect on furnace opera- 
tion, but substantially lowers the 
temperature of combustion products 
in the superheater, thus preventing 
slagging of the superheater tubes, but 
somewhat decreasing the heat absorp- 
tion. 


Flame control in the furnace. Heat 
absorption by furnace water walls is 
determined by the temperaturo level 
and tho pattern of temperature di- 
stribution. Heat absorption in the fur- 
nace, and therefore, ¢;, can be varied 
by varying the position of the flame. 
This, in turn, changes the heat absor- 
ption by the rcheater which is arran- 
ged in the convective gas duct. For 
instance, if the burners aro tilted down- 
wards, the total radiant heat ab- 
sorption by the water walls, Q,/Q,, 
increases, while the temperature at 
the furnace outlet, j, decreases (Fig. 
18.23), resulting in a lower heat ab- 
sorption by the reheater. On the other 
hand, if the burners are tilted up- 
wards, the heat absorption by the wa- 
ter walls decreases, while the tempe- 
rature of combustion products at the 
furnace outlot increases. Thus, as the 
boiler load drops down, the tempera- 
ture of the rehealed steam diminishes 
(Fig. 18.13, curve 2) and the burners 
are tilled upwards so as to raise the 
steam temperature. Gas control by 
burner tilting can maintain a constant 
temperature of reheated steam at bo- 
iler loads ranging from 100% to 70%. 

The position of the flame can also 
be changed by turning some of the 
burner tiers on and off. If the furna- 
ce has three tiers of burners and the 
total fuel consumption by them cor- 
responds to 150% of the steam-gune- 
rating capacity, operation with any 
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Fig. 18.23. Effect of the angle of burner 

tilting on the heat absorption of furnace 

water walls and the temperature of com- 
bustion products at furnace exit 
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Fig. 18.24. Schemes of temperature control of superheated steam by bypassing of combustion 
products 


(a) passing combustion products through a free gas duct; (b) distribution of combustion producta between 
Peralle! gas ducts by means of contro! gate valves: (c) distribution of combuatlon products by means of a 
contro] fan; J—rehenter,; 2—econom!zer; 3—contro) gale valve; ¢—main fan; S—controt fan 


two tiers turned on can ensure 100-% 
load. Thus, at high loads, i.e. when 
steam superheating increases, the lo- 
wer tiers are turned on, and at lower 
loads, the upper tiers are turned on. 

Bypassing combustion products. The 
temperature of reheated steam can be 
controlled by passing the combustion 
products around the reheater. Vari- 
ous schemes for effecting the method 
are illustrated in Fig. 18.24. In 
Fig. 18.24a, a ‘free’ gas duct is pro- 
vided between the reheater sections, 
and the gas flow rate through it is 


controlled by a gate valve. The latter 
operates under heavy conditions, 
which explains why this scheme is 
not popular. In Fig. 18.24b and c, 
the reheater sections and the economi- 
zer are mounted in parallel gas ducts 
(‘split duct’) and the gases are distri- 
buted between them either by gate 
valves arranged behind the heating 
surfaces (as in ‘b"), or by exhaust fans 
(as in ‘c’). The latter two methods are 
more reliable than the first, but com- 
plicate the design and increase the 
cost of the plant. 
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LOW-TEMPERATURE HEATING SURFACES 


19.1. Arrangement of Low-temperature 
Heating Surfaces 


The low-temperature heating sur- 
faces of a boiler include the air heater 
and tho economizer. The design of the- 


se elements should pursue the follo- 
wing objects: to intensify heat ex- 
change, minimize the dimensions of the 
elements with a moderate use of metal, 
and minimize the effects of abrasion 
wear by ash, fouling and corrosion. 
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Temperature 





Fig. 19.1. Variation of temperature gra- 
dient during air heating 


The air heater operates under condi- 
tions which differ from those of the 
economizer or other heating surfaces. 
lt has the lowest temperature gra- 
dient between combustion products 
and air and the lowest heat-transfor 
coefficient. For this reason, the surfa- 
ce area of the air heater is usually gre- 
ater than the total area of all elements 
of the sLeam-water path, and in high- 
capacity boilers may range from a few 
tens to a few hundreds of thousands of 
square metres. 

The air in the air heater is a medium 
that has a low water vapour content. 
On the other hand, combustion pro- 
ducts which pass through it usually 
have a high water vapour concentra- 
tion (depending on the content of mo- 
isture and hydrogen in the fuel), as 
well as of triatomic gases (CO, and 
SO,), and their volume and heat capa- 
city are higher than the respective 
values for air. The volume of combu- 
stion products also increases due to 
the presence of excess air. As a result, 
the ratio of the water equivalents of 
air and combustion products, ¥ = 
= CaValCgVg, in the air heater is al- 
ways less than unity. This means that 
airisheated in the air hoater more 
quickly than the combustion products 
are cooled. For instance, with a low 
moisture content of the fuel, air is 
heated in the air heater on the avera- 
ge by 1.2 deg C per each degree the 
combustion products are cooled, or 
with fuels of a high moisture content 
by 1.4 deg C per each degree. Thus, as 
air is being heated, the temperature 
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gradient, which determines the inten- 
sity of heat exchange, decreases to a 
minimum at the ‘hot’ end of the air 
heater (Fig. 19.1). Because of this, 
the temperature level of waste gases 
is determined not by the temperature 
gradient between the fluids at the cold 
end of the air heater, but by the eco- 
nomically efficient temperature gra- 
dient Aż at the hot end, which is lo- 
wer than the former. This temperatu- 
re difference is usually not less than 
30-40 deg C. Any further increase in 
the temperature of hot air is ineffici- 
ent in view of the very weak heat ex- 
change in the hot portion of the air 
heater (ât is too low). Thus, an incre- 
ase in the temperature of hot air is 
associated with an increase in the 
temperature of waste gases or an in- 
crease in the heating area of the air 
heater. Figure 19.2 shows the tempe- 
ratures of waste gases which depend on 
the temporature of air preheating at 
various ratios of water equivalents 
(W < 1), tea = 30 deg C and the tem- 
perature gradient at the hot end Ai = 
= 40 deg C. As may be seen, to pre- 
heat the air to 400-420°C (fuel anth- 
racite) at ¥ = 0.8, the temperature 
of the waste gases at the air heater 
outlet should be not less than 140- 
150°C. For fuels with a higher mois- 
ture content (brown coal), Y = 0.65, 
and the temperature of waste gases 
for the same level of air preheating 
must bo 0,, = 200-220°C, which is 
economically inefficient. In contrast 
to this, in a counter-current economi- 
zer the temperature gradient at the 





Fig. 19.2. Effect of air heating on the tem- 
perature of waste gases al various ratios of 
water equivalents 
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Fig. 19.3. Distribution of temperature gra- 
dients in a single-stage arrangement of low- 
temperature heating surfaces 
1—economi zer, 2—alr hrater 


hot end increases, since waler has an 
appreciably higher heal capacity. 

The low-Ltemperature elements of 
a boiler can be connected into a sing- 
le-stage or two-stage circuil. 

In a single-stage circuit, the econo- 
mizer and air heater are arranged in 
series in the gas path and connected 
by the counter-flow scheme (Fig. 19.3). 
This scheme limits the possibility 
of air heating in the air heater. In 
the single-stage circuit, it is essential 
to properly select the gas temperatu- 
re at the boundary between the eco- 
nomizer and air heater. Noting the ra- 
tio of water equivalents, the most ef- 
ficient temperature of waste gases is 
obtained on air preheating to 250- 
350°C. If air should be preheated to 
350-450°C, the air heater is of the 
two-stage type and the economizer is 
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arranged between its sections (Fig. 
19.4). The essence of the two-stage 
circuit is an increased temperature 
gradient At at the hot end of the air 
heater, since its hotter (second) stage 
is in the zone where combustion pro- 
ducts have a higher temperature. This 
makes it possible to hold the tempera- 
ture of waste gases at an appreciably 
low level. 

Air heaters are made of carbon steol 
for which the allowable temperatu- 
re is not more than 500°C; with an air 
preheating temperature of 420°C, this 
means that the temperature of the 
combustion products should be nol 
higher than 580°C. The temperature 
of the combustion products behind 
the superheater is usually higher, 
600-650°C, so that a hot section of the 
economizer is mounted before the se- 
cond stage of the air heater in order 
to protect the metal in the latter. 
The two-stage circuil of the air heater 
and cconomizer substantially increa- 
ses the height of the convective shaft 
and the cost of construction; thal is 
why it is employed only with fuels 
for which a high preheating of air is 
essential. 


19.2, Economizers 


Plain-tube economizers. A con- 
tinuous loop-type economizer is the 
main type of economizer employed in 
boilors for various pressures. In order 
to intensify heat transfer and minimi- 
ze fouling, the economizer coils are 


Fig. 19.4. Distribution of temperatu- 

re gradients in a two-stage arrange- 

ment of low-temperature heating sur- 
faces 


2 and 3—second and first stage of the eco- 
nomizer; 2 and 4—second and first stage of 
the alr heatert 
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Fig. 19.5. Connection of economizer coils to the header 


(a) by means of connection pipes passthg through the boiler selting; (b) witb the headers arranged In Lhe 
gas duct; 1—colls; 2—header; J—conm tion pipes; ¢—coll-supporting structure 


made from steel tubes of a small dia- 
meter (inlernal diameter 20-30 mm 
and wall thickness 2.5-3.5 mm). As 
in other heating surfaces, the ends of 
the coils are connected to headers 
which are arranged heyond the zone 
of gas heating. The coils are connected 
to the headers by welding. In high- 
capacity boilers where the number of 
economizer coils is large, requiring 
that many lubes be passed through 
tho refractory lining for conneclion to 
an external header, thus increasing 
air inleakage, the coil ends are conne- 
cted to a small number of intermediate 
pipe connections, as shown in Fig. 
19.5a. In gas-tight boilers, the eco- 
nomizer headers are almost always 
mounted in the gas duct and serve as 
economizer supports (Fig. 19.5b). A 
staggered arrangement is preferable 
for the economizer tubes. Motion of 
water in an economizer is ascending to 
ensure the free exit of gases and steam 
with water. To facilitate operation 
and repairs, economizers are usually 
sectionalized in the path of combusti- 
on products, with sections (banks) of a 
height up to 1 m. The spacings bel- 
ween the sections are usually 550- 
600 mm wide. 

Economizer coils can be arranged 
perpendicular or parallel to the boiler 
front. In the former case (Fig. 19.62), 
their length is not large and is deter- 
mined by the depth of the gas duct 
This simplifies coil fastening, but all 
coils in a bank are subjected to abra- 
sion wear by ash. With economizer 
coils arranged parallel to the boiler 


front, tho length of the supply header 
and the number of tubes can be sig- 
nificantly decreased but the length of 
the tubes in the coils is greater and 
requires a more reliable means of fa- 
stening. In boilers with a wide front, 
two-sided symmetrical economizers 
are employed with the headers arran- 
ged at the two sides (Fig. 19.6d). 
Water in the steel tubes of economi- 
zers may be vaporized. Accordingly, 
economizers may be cither non-boi- 
ling, where water al the outlet is sub- 
cooled below the saturation point or 
boiling, in which a certain quantity of 
steam forms in the outlet portion. The 
steam content of water at the econo- 
mizer outlet should not exceed 25%. 
Both types of economizer do not dif- 
fer substantially in design. 
Extended heating surfaces of econo- 
mizers. In order to intensify heat 
absorption on the gas side and make 
the apparatus more compact, rectan- 
gular fins are often welded to the pla- 
in tubes of an economizer (Fig. 19.7a). 
This increases the use of metal per 
unil heating surface area, but gives an 
essential gain in heat absorption. so 
that, for the same amount of metal 





A 


(a) (b) 


Fig. 19.6. Economizer arrangement 


1-drum; 2-watcr tubes; 3-cconomlzer; 4 -supply 
headers 
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Fig. 19.7. Finned tubes of economizers 
(a) welded-on fins; (b) Integral fins 


and same draft, the volume occupied 
by a finned heating surface with re- 
ctangular fins is 25-30% smaller than 
that of a surface with plain tubes. Bo- 
sides, plate steel is cheaper than tubes. 

In recent times, profiled finned tu- 
bes (with trapezoidal fins) have been 
adopted for use in economizers (Fig. 
19.7b). Finned tubes decrease the di- 
mensions of an economizer by 40- 
50%. 

Cross-finned tubes (with helical or 
circular fins) are also used in economi- 
zers. They can be employed in boilers 
fired on non-slagging fuels. 

Membrane-type heating surfaces 
may be promising in economizers 
(Fig. 19.8). They are made from plain- 
tube coils with steel-sheet spacers 
2-3 mm thick welded inbetween tho 
straight portions of the tubes. Mem- 
brane-type economizers are more effi- 
cient than the plain-tube type, con- 
sume less metal for the same heat ab- 
sorption, and are quite reliable in 





Fig. 19.8. Convective membrane 
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operation. Economizer membranes 
may be made with a more extended sur- 
face (‘lobe-type’ membranes). 


19.3. Air Heaters 


Operating conditions and classifica- 
tion of air heaters. Modern high-ca- 
pacity boilers aro always provided 
with an air heater. The role of the air 
heater increases with the unit power 
of a plant. This is associated with the 
fact that the temperature of combusti- 
on products behind the economizer is. 
still rather high (350-450°C). By uti- 
lizing this heat in the air heater, the 
temperature of combustion products 
can be lowered to 120-160°C. Air 
preheating increases boiler efficien- 
cy. 

On the other hand, the air heater 
proper operates in the zone of the lo- 
west temperature of combustion pro- 
ducts, so that part of its surface (in 
the cold ond) may be at a temperature 
equal to or lower than the dew point 
of combustion products. Under such 
conditions, a moisture film can form 
in the colder portion and cause corro- 
sion and fouling. These adverse effects 
are enhanced in the combustion of 
high-sulphur fuel oils and at high ex- 
cess air ratios. In gas-tight boilers 
where fuel can be burned at a low ex- 
cess air ratio, the corrosion rate is 
lower (see Sec. 16.3). 

Air heaters operate either by the re- 
cuperative or the regenerative prin- 
ciple. In recuperative air heaters, heat 
from combustion products or another 
heat source is transferred continuously 
to air through a heating surface. In 
regenerative air heaters, the heating 
surface is swept alternately by com- 
bustion products and air and is thus 
alternately heated and cooled. 

Air can be heated in air heaters by 
combustion products either directly 
(Fig. 19.9a) or through an intermedia- 
te heat-transfer agent which may be 
in the form of solid packing (Fig. 
19.96), hot water (Fig. 19.9d) or bloed- 
er steam from the turbine (Fig. 
19.9¢ and e). 
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by combustion preaucts 





Air heating 


by intermediate 
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Fig. 19.9. Methods of air heating 
qa) Lubular air heater; (b) regencrative alr heater; (c) alr preheating; (d) combination of low-pressure econo- 
mizer and air heater, (e) cascade air heater; 1— tubular air beater; s—combustion products; y—air; 4— 
regenerative air beater; 5—low-pressure economizer; 6—alr heater; 7— water; 4—steam; 9—cascade section 
of tubular alr heater; 7e— main tubular air hrater; 11—milxer 


Direct heating of air by combustion 
products. Recuperative air heaters are 
mostly of the tubular type. They are 
simple in manufacture, but consume 
much metal and occupy a large space. 

Tubular air heaters usually have a 
vertical tube arrangement (Fig. 19.10). 
Tubes with an external diameter of 
30-40 mm and a wall thickness of 
1.2-1.5 mm are welded by the onds to 
tube plates and arranged in a stagge- 
red order. The upper tube plate has a 
thickness of 20-25 mm and the lower 
one, 15-20 mm. 

Combustion products flow through 
the tubes (longitudinal flow) and give 
up their heat to the air which moves 
betweon the tubes (cross-flow), i.e. 
the working fluids are in cross-current 
flow relative to each other. As is 
known, the most compact heat ex- 
changer is obtained with a purely coun- 
ter-current fluid flow, but this is un- 
realizable in tubular air hoaters. The 
counter-current scheme can be appro- 
ximated rathor closely by causing the 
air to move in a number of passes bet- 
ween the tubes. The air heater is divi- 
ded by a number of partitions in the 


air path so as to obtain the optimal 
air velocity for the conditions of heat 
exchange. Air boxes are provided in 
places where the air flow changes dire- 
ction. A tubular air heater has an ex- 
ternal steel casing and its lower tube 
plate bears against a frame which is 
fastened to the stands of the boiler 
structure. The tube system can ex- 
pand upwards on heating. The upper 
tube plate is connected to the gas duct 
above it by means of a gas-tight sea- 
ling with expansion compensators 
(Fig. 19.11). For convenience of tran- 
sport and mounting, tubular air hea- 
ters are usually in the form of sepa- 
rate cubical sections. 

In boilers of moderate capacily, the 
tubular air heater is usually of the 
single-flow scheme with air entering 
the widor side of the apparatus (Fig. 
19.10). In boilers of a higher capacity, 
i.c. with a larger air flow rate, the 
single flow scheme requires a groater 
height of the air heater, resulling in a 
lower temperature gradient. Tho hoight 
of the apparatus can be substan- 
tially diminished by using the split- 
flow scheme, i.e. by dividing the air 


Combustion products 


Waste gases 


in tho heater into two or more sepa- 
rate flows; thismakesit possible to in- 
crease the number of passes for air, 





Fig. 19.41. Tube-plate packing 


t— lube plate; 2 and 3—expansion compensators, 
4—framework beoin 
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Fig. 19.40. Tubular air heater 


i—tubes; 2 and 6—tube plates; 3— expan- 
sion compensator; ¢—box, S5—partitlons: 
7— framework; 8—frame 


and therefore, the temperature gra- 
dient (Fig. 19.12a). The combination 
of the split-flow scheme with densely 
arranged small-diameter tubes ma- 
kes the tubular air heater rather com- 
pact. In boilers of very high capaci- 
ties, air in the heater is divided into 
a greater number of flows (Fig. 19.125). 

With the same velocity of combu- 
stion products and air, the coefficient 
of heat transfer at the gas side of an 
air heater a, (longiludinal flow) is 
lower than the heat-transfer coeffi- 
cient at the air side a, (cross flow). 
Heat transfer can be intensified by 
increasing tho coefficient œ, in longi- 
tudinal flow, for instance, by making 
the heating surfaces from corrugated 
tubes (Fig. 19.13) of a sinusoidal shape 
with a constant radius of curvature. 
To avoid clogging of the tubes by ash, 
corrugated-tube air heaters are conne- 
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Fig. 19.12. Air pathy in tubular air 
heaters i 
1—cold alr entry; 2-- hot alr exlt 


cted by the reverse scheme, that is 
air moves in them through the tubes 
(longitudinal flow) and combustion 
gases, between the tubes (cross flow). 

Corrugated-tube air heaters are more 
efficient than the straight-tube type 
and, for the same capacity, thoir 
mass may be 50% lower. Though cor- 
rugaled tubes are more expensive, the 
cost of a corrugated-tube air heater 
turns out to be 33% lower than that 
of the conventional type. Tubular air 
heaters are simple in design, reliable 
in operation, and are more tight than 
other types of air heaters. 

Air heating by combustion products 
through an intermediate heat-transfer 
agent. From the standpoint of thermo- 
dynamics, it does nol matter whether 
heat is transferred from combustion 
products directly through a wall or 
first to an intermediate heat-transfer 
agent and then to air. In the latter 
case, each of the processes involved 
can be carried out independently and 
under optimal conditions. 

The principle of air heating through 
an intermediate heat-transfer medium 
is realized in regenerative air heaters 
which are employed widely at ther- 
mal power stations. A regencrative 
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air heater has a solid packing—usually 
a pack of steel sheets which are heated 
by combustion products and then give 
up their heat to air. It is typical of 
air heaters with an inlermediate heat- 
transfer agent thal corrosion on the 
heating surfaces has practically no ef- 
fect on the air inlenkage into the gas 
path of the boiler. 

Regenerative air heaters. Regenera- 
tive air heaters employed at thermal 
power stations are mostly of the rota- 
ry type. The heat-transfer packing 
is formed from thin corrugated orplane 
steel sheets with narrow channols 
(of an equivalent diameter d,, 
= 6-9 mm) formed between them foi 
the passage of combustion products 
and air (Fig. 19.44). The packing is 
placed into a hollow cylindrical rotor 
which is divided by radial partitions 
into isolated sectors. The rotor (Fig. 
19.15) is driven by an electric motor 
through a gear or a cogwheel transmis- 
sion and rotates slowly (at a speod of 
0.008-0.065 s-1). 

The housing of the regenerator is di- 
vided into two sections by the upper 
and lower sector plates with necks for 
admitting combustion products and 
air. The gas and air flows move 


todd 
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Fig. 19.13. Corrugated tube 
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Fig. 19.14. Packing profiles of regenerative 
air heaters 


(a) packing of the bot section with corrugated 
t- spacing shect; (b) packing of the cold section 


ugh the rolor separalely and continu- 
ously, while the rotating packing in- 
lersects them alternately. The two 
flows are in counter-current relations. 
Thus, when some of the sectors are 
heated by combustion products, others 
give up the accumulated heat to air. 

The packing of a rotary air heater 
should ensure an intensive heat ex- 
change and have an aerodynamic re- 
sistance as low as possible. Its designs 
are diverse, the most popular being 
shown in Fig. 19.44. The packing pro- 
file is chosen according to the tempe- 
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rature conditions. Its hotter portion is 
made so as Lo intensify hoat transfer 
(as in Fig. 19.14a) and consists of two 
types of shecls: corrugated sheels and 
spacer sheels which have wavy ridges 
oriented at an angle of 30° Lo the flow 
direction. The colder portion of pa- 
cking has a simpler design (Fig. 
19.145) and consists of corrugated 
sheets and plane sheets between them. 
Corrugations turbulize the flow and 
enhance heat transfer. 

Since rotary air heaters have chan- 
nels of non-uniform cross section in 
the packing, convective heat transfer 
in them can be intensified more easi- 
ly than in tubular air heaters. Further, 
they aresimpler in manufacture, since 
corrugated sheets for the packing 
can be made from large sheets by rol- 
ling or stamping. 

The quality of rotor packing may 
have an essential effect on the coeffi- 
cient of utilization of the heating sur- 
face area. With poor filling of the ro- 
tor, combustion products and air may 
partly encircle the packing, thus de- 
creasing the air heater efficiency. 

The heating surface area of 1 m? 
of the rotor packing is usually 300- 
340 m°. Contact of the packing with 
the gas and air flow is limited in ti- 
me (usually less than 30 s). The rotor 
packing should be heated quickly in 
the gas flow and quickly give up its 
heat to air. Packing sheets of a thick- 
ness of only 0.6-1.2 mm can transfer an 
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Fig. 19.15. Rotary regenerative air heater 


(a) longitudinal section; (b) rotor; (c) points of air pass-over; J—rotor;: 2—statlonary housing; s—pack!ng; 
¢— driven gear wheel; 5—driving gear wheel; 6é—reducer gear; 7—electric drive motor; òg and 4, —top an 


bottom sector plate to separate gas and air flow; ———alr pass-over 
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appreciable quantity of heat. Thin she- 
els are also favourable in that they 
vibrate in the gas or air flow and thus 
are Cleaned from ash. In some types 
of regenerative air heaters, the pa- 
cking is made from metallic, ceramic 
or glass spheres. 

Corrugated-sheet packing has a se- 
rious drawback: thin sheets are destroy- 
ed quickly by corrosion and abrasion. 
Another drawback is that the heat- 
transfer coefficient in longitudinal 
flow is rather low. 

Regenerative air heaters are usual- 
ly made with a rolor of a diameter up 
to 10 m, or even 15-17 m in high-ca- 
pacily plants, which rotates on a ver- 
tical axis. When the rotor is of a lar- 
ge mass, il requires a heavy-duty ra- 
dial thrust bearing. With horizontal 
arrangement of the rotor, the rotor 
load can be distributed between two 
ball bearings of a smaller size; fur- 
thermore, horizontal-rotor air heaters 
can be arranged more easily in the gas 
path of the boiler. 

The gas and air flows in clements of 
a regenerative air heater produce an 
appreciable pressure gradient, which 
is roughly the same in balanced-draft 
and supercharged gas paths and con- 
stitutes 7-8 kPa. With a substantial 
gap between the rotor and stationary 
structures, this pressure gradient can 
lead to an overflow of a part of the 
air to the gas side. Moreover, cold air 
can be sucked in at the periphery of 
the air heater gas sido and some air 
can be lost in the air portion (see 
Fig. 19.15c). The total rated inlea- 
kage in regenerative air heaters is 
around 20%, bul may bo substantial- 
ly higher in operation. Gas and air 
overflow in a rotary air heater is pre- 
vented by sealings in the inlet and out- 
let of the rotor housing: annular sea- 
lings al the external and internal cir- 
cumference of the rotor and a number of 
radial sealings which separate gas and 
air sections. The peripheral sealing of 
a standard rotary air heater is illustra- 
ted in Fig. 19.46. Il is made in the 
form of a cut-through sealing ring 
whose elements form a very narrow 
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Fig. 19.16. Sealing of regenerative air heater 


J—wall of gas-supply pipe; 2—cover flange, 3— 
block; 4—spring: 5— ulas plate screwed to flange, 
6-cap screwed to flange, 7—rotor flange, &—cy- 
lindrical casing; 6—gap 


gap ô with the rolaling flange of the 
rotor. The width of the gap is controlled 
by springs protected by gas-tight caps. 
The internal annular and the radial sea- 
lings are designed in a similar manner. 
The quantity of air transferred be- 
tween the rotating plates into the gas 
path (and vice versa) in rotary air hea- 
ters may be substantial. In some ro- 
tary air heater designs, the air that 
passes through the sealings is sucked 
off and returned into the air path to 
the intake of the blow fan. 
Regenerative air heaters have found 
wide application in high-capacity mo- 
nobloc units. They are more intricate 
in design than the recuperative type, 
but occupy substantially less space, 
have a low aerodynamic resistance 
and, further, corrosion of the healing 
surfaces does nol increase air inlea- 
kage. Regenerative air heaters also 
have certain drawbacks—for instan- 
ce, they have rotating elements (the 
rotor), intricate sealings which sepa- 
rate Lhe gas and air flows, and a high 
overflow of air into the gas path. The 
essential drawback of regenerative 
air heaters wilh corrugaled-sheet pa- 
cking is that the sheets buckle, thus 


prevenling air heating above 300- 
350°C. 
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Fig. 19.47. Regenerative air beater with 
separated air flows 


J—hot packing; 2—cold packing; s—primary air; 
é—secondary air; s—gate valve; f and [!—primary 
and secondary alr aections 


In some power plants, for instance, 
when burning low-volatilo (anthra- 
cite) or high-moisture fuels, primary 
uir should be heated to a higher tem- 
perature than secondary air. In other 
plants, such asin coal-pulverizing sys- 
tems with an intermediate bunker, 
the aerodynamic resistance of the 
paths of primary and secondary air 
may be substantially different. In 
such cases it is advisable to employ 
rotary air heaters with separation of 
the air and gas flow into sections (Fig. 
19.17). The apparatus has a separating 
ring and an additional sealing. The 
place for mounting the separating 
ring is determined by the ratio of the 
required cross-sectional areas for the 
passage of primary and secondary air. 
The separating ring separates both 
the air flow and the gas flow. Air 
temperature is controlled by gate val- 
ves in the gas path, and the air flow 
rate by gate valves in the air path. 

Combined air heating. In addition 
to conventional heating by low-tem- 
peraturo heat of combustion products, 
air can be preheated in steam air hea- 
ters by low-temperaturo steam from 
the regenerative system of the turbi- 
ne. This method is advantageous for 
combatting low-temperature corrosion 
and fouling in the combustion of high- 
sulphur fuels. The steam air heater 
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utilizes the latent heat of condensa- 
tion of worked-off steam from the tur- 
bine and thus decreases the heat loss 
in the circuit. Air can also be prehe- 
ated by hot water produced in an eco- 
nomizer by utilizing the low-tempera-. 
ture heat of wasle guses. Steam air he- 
aters and low-pressure economizers are 
usually employed for preheating air 
which is thon further heated in con- 
ventional air heaters. 

In modern high-capacity boilers, 
the steam air heater is essentially a 
tubular heat exchanger arranged bet- 
ween the discharge of the blow fan 
and the inlet stago to the main air he- 
ater (Fig. 19.18). Bleeder steam from 
the turbine, at a temperature of aro- 
und 120°C, flows in the tubes while 
air flows around them (cross-current 
flow). 

In winter at substantial sub-zero 
temperatures of the atmospheric air 
(below — 15°C), the inlet tubes of 
a steam air heater and the condensate 
drainage lines may frost up. Sche- 
mes have been developed for prehe- 
aling air in power units at various cli- 
matic conditions. 

In the low-pressure’ economizer-air 
heater system, air is preheated in the 
air heater by hot water from the low- 
pressure economizer. Such systems 
operate by the closed cycle and pre- 
heat air before it is finally heated by 
combustion products in a tubular air 
heater (Fig. 19.19). An advantage of 
the circuit is that it substantially de- 


Combustion 


products | Hot air 
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Fig. 19.18. Diagram of air prebeating in 
a steam air heater 
1—steam alr henter, ?— blower 
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Fig. 19.19. Combined scheme of air preheat- 
ing with economizer and air heater 


I—low-pressure economizer; z= Pigi pressure eco- 
nomizer; s—alr beater; 4—circulatlion pump; 5— 
alr preheater; 6—leed-water pump; 7—combu- 

stion products; &—alr 


creases air inlcakage. The system is 
made closed in order to prevent conta- 
mination of the condensate by corro- 
sion products; the circulation of de- 
aerated water in il is effected by a 
pump. The temperature of the water 
is slightly above the dew point, which 
helps prevent corrosion in the low- 
pressure economizer. 

In a cascade air heater, all cube sec- 
tions, except for the last one in the 
gas path, are heated by the total flow 
rate of the combustion products and 
cooled by the total flow rate of air. 
Corrosion in the low-temperature por- 
tion of the apparatus is prevented or 
minimized by maintaining the tem- 
perature of the metal above the dew 
point of the combustion products. To 
form such conditions, the cube sec- 
tion which is the last in the gas path and 
the first in the air path is fed with the 
total flow rate of the combustion pro- 
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ducts and a low flow rate of air (Fig. 
19.20a). Cold air is divided into two 
flows. The smaller flow (30-40% of 
the total air flow rate) passes through 
the air heater and then through the cas- 
cade stage; the greater portion of air 
(70-60% of the total flow rate) is 
bypassed and mixed with the first 
portion behind the cascade stage, after 
which the mixed air moves in a coun- 
ter-current flow through the hot 
stages of the cascade air heater. 

A simplified temperature curve of a 
cascade air heater is shown in Fig. 
49.206. As may bo seen, air temperatu- 
re in the preliminary air heater and 
cascade stage increases more rapidly, 
since the flow rate of air through them 
is small. For this reason, these heating 
surfaces can be made rather compact. 
Combustion products are cooled less 
appreciably in the cascade stage, and 
therefore, their temperature is high- 
er. 


19.4. Corrosion Control of Air Heaters 


Among all the methods for corrosion 
control] in low-temperature heating 
surfaces, the most efficient are raising 
the working temperature of the motal 
above the dew point, organizing the 
operation of an air heater on the Jow- 
corrosion part of the curve K = f (ty), 
as seen in Fig. 16.9, and fuel combus- 
tion at the lowest excess air ratio. 

Increasing the motal temperature 
above the dew point! ta.p. is the most 
common method for preventing low- 
temperature gas corrosion. Water vapo- 
urs are most likely to condense at 
start-up and low loads of the boiler 


Fig. 19.20. Cascade air heater 


(a) connection circuit; (b) temperature 

curve, !—blower; 3—air heater; s— 

cascade section of air preheater; «— 

maln section of air preheater; s—mlx- 

er; 6—bypass line; 7—alr; s—com- 
bustion products 
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plant, i.c. at a low temperature of 
the combustion products. Such condi- 
tions occur, however, only for a short 
time during boiler operation. Besides, 
at low loads corrosion processes occur 
substantially less intensively. 

The local temperature of the wor- 
king surface of an air heater is deter- 
mined from the formula 


(tw)i = (ta)i + (q/a.), 


from which it follows that, for the 
given heating conditions, the tempo- 
rature of the wall in the coldest point 
at the inlet of air to an air heater de- 
pends on the inlet air temperature ¢, 
and the coefficient of heat transfer 
from wall to air, a,. Therefore, it can 
be raised by raising tą or decreasing 
a,. The latter circumstance, however, 
contradicts the general tendency to mi- 
nimize the heating surfaces. 

A universally applicable method for 
preventing gas corrosion is by raising 
the inlet temperature of air, which is 
realized by preheating the air in 
steam air heaters. 

With any method employed for 
raising the inlet temperature of air, il 
helps to separate the colder portion of 


Fig. 19.21. Fastening unit of a 
glass-tube air heater 
#—tube plate; 2—pressure plate; 3—plass 
tube; ¢--rubber ring; 5—spring washer; 
6— steel tube 


the air heater as an individual section 
in which corrosion wear will be much 
higher than elsowhere. This simplifies 
repairs of tho air heater, since only 
the separated section must be repla- 
ced. The service life of regenerative 
air heaters can be increased and repairs 
made easier by making the packing 
of the colder section from sheets 
1.0-1.5mm thick (with the sheet thick- 
ness in the hotter portion being 0.5- 
0.8 mm). 

In new fuel oil-fired boilers, in the 
initial heating zone of the air heater 
where low-temperature corrosion may 
be especially intensive, steel tubes are 
replaced by glass tubes with a diame- 
ter of 30-40 mm and a wall thickness 
of approximately 4 mm. A glass-tube 
air healer has essentially the same 
design as a conventional air heater 
with steel tubos, but glass tubes are 
horizontally staggered. The combusti- 
on products pass around a bank of 
glass tubes and the air moves in the 
tubes. Glass tubes are fastened in tube 
plates hy means of pressure stool pla- 
tes and ring washers mado of heat-re- 
sistant rubber (Fig. 19.21). The struc- 
ture is made rigid by means of a 
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Fig. 19.22. Corrosion rate in cold packing 
of regencrative air heaters 
J—metallic packing; 2—enamclird-metal packing 


number of steel tube Lies welded bet- 
ween the glass Lubes. 

The working temperature range of 
the nir heater is from 10° at the inlet 
to 80-85°C at the outlet. In winter, air 
is preheated to 10°C in a sleam air 
heater. 

In recent times, low-temperature 
sulphuric corrosion in air healers is 
prevented by applying corrosion-resi- 
stant coatings to their heating sur- 
faces or by making these from ceramic 
materials. Acid- and heat-resistant 
enamels are used for this purpose, in 
particular, for coating the metallic 
packing of the colder portion of rege- 
nerative air heaters. The thickness of 
an enamel coaling is roughly the same 
as thal of steel sheets (0.5-0.6 mm). 
Tho rate of corrosion on enamelled 
heating surfaces is much lower than on 
bare metal (Fig. 19.22); ash deposits 
on enamelled surfaces are thinner and 
can be removed more easily. 

Under comparable conditions, low- 
temperaturo gas corrosion is more in- 
tensive at a higher sulphur content of 
the fuel used. It is especially fast in 
boiler plants that fire high-sulphur 
fuel oil. 

Combustion of high-sulphur fuel oil 
at the minimal excess air ralio is an 
effective means of diminishing low- 
temperature sulphuric corrosion. Wilh 
a lower value of a, and a lower excess 
of oxygen, combustion producls con- 
tain less SO, (see Sec. 16.3). and the- 
refore, their corrosion aclivily is lo- 


wer. In a particular temperature in- 
terval, fly ash particles can stick to 
healing surfaces anid form a moist 
film on attaining the dew point ty.p., 
in which ash particles are cemented 
into a dense mass. Ash deposits di- 
minish the free cross section for the 
passage of combustion products and 
sometimes completely clog somo Lu- 
bes in air heaters. 

The operating conditions in the air 
healer are improved by introducing 
various additives into high-sulphur 
fuel oil (alkali additives, an aqueous 
solution of magnesium chloride, etc.). 
Additives lower the dew point ta.p. 
of combustion products and neutralize 
the solution of sulphuric acid that 
forms on the surface. The deposits on 
the heating surfaces become loose and 
can be easily removed by shot-bla- 
sting. Further, liquid additives di- 
minish the amount of deposits, imp- 
rove the cunditions of fuel oil com- 
buslion, and decrease clogging of the 
burner nozzles by fuel oil coke. In 
solid fuel combustion, moderate quan- 
tities of additions give no positive re- 
sults and additions in amounts com- 
parable with the ash content of solid 
fuel are too complicated and economi- 
cally unfavourable. 

In some plants, air is heated in 
amounts exceeding the quantity of 
air required for combustion. The heat 
of surplus air can then be used for 
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Fig. 19.23. Diagrams of excess air preheat- 
ing 
(o) in the main air heater; (b) in an auxillary air 


beater; 4—ate for fuel combustion; #—excess alr; 
3 and 4— main and auxiliary alr henter 
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other purposes, say, for the heating 
and desalination of water, heating of 
fuel oil, drying of solid fuel, etc. Such 
heat utilization also solves some prob- 
lems in the boiler plant proper, for 
instance, it decreases the temperature 
of waste gases, raises the boiler effi- 
ciency, or increases the efficiency of 
electrostatic precipitators. 

The heating of surplus air is utili- 
zed advantageously in multi-purpose 
plants where the heat-transfer medi- 
um—air is free from impurities and 
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can be heated to a high temperature. 
In such plants, the heat-transfer medi- 
um (combustion products) has a sub- 
stantially lower temperaturo and tho 
gases aro much more pure and have a 
lower corrosion activity. Surplus hot 
air can be produced in various air 
heater circuits (Fig. 19.23). Tubular 
air heaters are preferable, since they 
can doliver clean, ash-free air and are 
less prone to clogging by ash at low 
temperatures of waste gases. 


=)“ 


HEAT EXCHANGE IN HEATING SURFACES 
OF BOILERS 


20.1. Thermal Characteristics 
of Water Walls 


Heat absorption by water walls in 
a boiler furnace is determined mainly 
by the radiant heat transfer from 
high-temperature gases in the furnace 
to the external surface of water wall 
tubes which may be covered by a 
layer of ash. In open-type furnaces 
with an uprising flame, tho heat absor- 
ption by water walls due to convecti- 
on can be neglected, since gas veloci- 
ties at furnace walls are low, while 
deposits on the tube surface offor a 
large thermal! resistance to heat trans- 
fer. In furnaces with a turbulent flamo 
(cyclone primary furnaces, furna- 
ces with intercepting jots, etc.), the 
convective component is significant 
and should bo taken into account. 

The intensity of heat exchange by 
radiation is expressed by the Stefan- 
Boltzmann law which relates the heat 
flux density to the aren of heat-absor- 
bing surface and the fourth power of 
temperature. The incident heat flux 


from the flame core onto the water 
walls in boiler furnaces, gine, iS usu- 
ally oqual to 400-700 kW/m?, which 
forms a temperature gradient At = 
= tex — ty = 150-350 deg C across a 
relatively thin layer of surface depo- 
sits on the tubes, i.c. the temperature 
on the surface of deposits, ter, sub- 
stantially exceeds the temperature of 
the tube wall metal ?,,. Thus, the in- 
tensity of radiant heat exchange bet- 
ween high-temperature gases and the 
surface of water walls in a boiler fur- 
nace depends neither on temporature 
nor on the pressure of the working 
fluid in the boiler. 

The zone near a water wall is under 
the combined influence of the incident, 
effective and absorbed (resulting) heat 
fluxes. The incident heat flux from 
the flame core, according to Stefan- 
Boltzmann's Jaw, can bo writlen in 
the following form: 


Jine = Bysilo (T,,/100)*+10-8 kW/m? 
(20.1) 


20.1. Thermal Characteristics of Water Walls 





Fig. 20.4. Formation of effective heat 
flux on a water wall 


The effective heat flux (Fig. 20.1) is 
the sum of the intrinsic radiation 
from deposits on the tube surface and 
from the refractory lining, which have 
a sufficiently high temperature, and 
the reflected flux, since the coefficient 
thermal radiation from the surface 
of the walls and the deposits is less 
than unity: 


Get= Vintr > refi 
= [@aepCoT dep: 10-1 
(1 — agep) Jinel £ 
+ lapaa tet -140-1 
+ (1 —larer) Ginel (1 — z) (20.2) 


In formulae (20.1) and (20.2): Tyn 
Taen: Trez are the temperatures of the 
flame, the external layer of deposits 
and the refractory lining, K, ajn 
Gdep, and a@,ey are the emissivities of 
these elements, ce is the emissivity of 
the black body, W/{m?K‘), and z is a 
coefficient determining the fraction of 
the total radiation which falls on tho 
surface of the water walls; this is 
essentially the ratio of the radiation- 
absorbing surface of a water wall to 
the surface of the furnace occupied by 
that wall. 

The effective radiation from heat- 
absorbing surfaces in boiler furnaces 
is rather high and may reach 50-60% 
of the incident heat flux. 

The difference between the incident 
heat flux and the effective heat flux 
is what is called the radiant heat flux 
absorbed by a heating surface, q,, 
which is further transferred to tho 
working fluid: 


qr = Vine — let (20.3) 
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The ratio 


Pes = Ir!Gine (20.4) 
characterizes the fraction of heat ab- 
sorbed hy heating surfaces on furnace 
walls. It is called the coefficient of 
thermal efficiency of a water wall. With 
a higher value of pes, water walls 
operate more efficiently, i.e. they 
absorb a higher fraction of the total 
heat. According to the results of tests 
in boiler furnaces, þes has rather sta- 
ble values in combustion of similar 
fuels and constitutes: pey = 0.4-0.45 
for solid fuels, 0.5-0.55 for fuel oils, 
and 0.65 for natural gas. It should be 
noted that the thermal efficiency of 
water walls in a boiler furnace is not 
constant along their height: it is 
higher at the level of the flame core 
and diminishes towards the exit from 
the furnace. For refractory-faced water 
walls from studded tubes, ey = 0.2- 
0.25; for bottom water walls covered 
by a layer of fireclay brick, paes = 
= 0.1. Tho patterns of variation of the 
incident, effective and absorbed heat 
fluxes along the height of a furnace 
are shown in Fig. 20.2. 

The fraction of heat flux falling on 
a water wall is also determined by the 
angular coefficient x of a water wall. 
As may be seen from Fig. 20.1, the 
angular coefficient z cannot bo found 
mercly from geometric considerations 
as tho ratio of the projection of the 
area of all tubes onto the refractory 
lining of the wall to the total area of 
that wall. Part of the incident heat 
absorbed by the wall lining is then 
re-radiated onto the rear surfaces of 
tubes and is thus utilized. Only a 
smal! fraction of the heat flux from 
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Fig. 20.2. Variations of the incident and 
effective heat flux along the furnace height 


Kefractory-faced portion of water walls is shown 
hatched 

the lining within the angle of vision 
of the flame (<a) is reflected back 
into the furnace volume. With a denser 
spacing of the tubes (smaller tube 
pitch o, = s/d), the angle @ is nar- 
rower, and therefore, a higher fra- 
ction of the total heat flux falls onto 
the tubes of a water wall (Fig. 20.3). 
With a common density of tube spa- 
cing o; = 1.05-1.1, the angular coef- 
ficient is equal to 0.97-0.99. Theore- 
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Fig. 20.3. Angular coefficient of a single- 
row smooth-tube water wall 


1—for a water wall on furnace slde, Including the 

radiation [rom refractory facing, at e/d > 1.4; 

2—dilto, at e/d = 0.8; g—ditto, at e/d = 0.5; 

4—ditto, at r/d = 0 (the wall is partially covered 

by refractory facing); 5—for a tube row in a mem- 

brane or platen (radiation of refractory facing 
neglected) 
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tically, with densely arranged tubes 

(ao, = 1) or with a refractory-faced 

water wall, z = 1, i.e. the heat flux 

falls entirely onto a water wall. 
The ratio 


med Th —Thep Toep 
E Ti, =41— (Ke) (20.5) 
is called the coefficient of relative fou- 
ling of water wall tubes. Since T ge, > 
> 0, the coefficient — is always less 
than unity and is lower at a higher 
Taep, icc. at a higher thickness or 
thermal resistance of deposils. The 
difference 7}; — Tae) determines the 
absorbed heat flux, and therefore, the 
coefficient & characterizes the fraction 
of the incident radiant heal which is 
absorbed by working fluid in the tu- 
bes. Thus, the coefficient of thermal 
efficiency pe; of a water wall and the 
coefficient of fouling & are correlated 
as follows: 

ey = zË (20.6) 

The coefficient € is somewhat higher 
than %p,;, since it disregards the small 
fraction of heat radiated onto the li- 
ning of furnace walls. 

In boiler furnace calculations, the 
concept of a radiant heat absorbing 
surface is often used: 


H, = 2F%” (20.7) 


where Fy is the surface area of the 
furnace that is occupiod by water 
walls, m?. 

The radiant heat absorbing surface 
is thought of as a continuous plane 
surface which has the same tempora- 
ture values, degree of fouling and 
emissivity as the tubes of the water 
wall. As follows from (20.7), H, is 
somewhat smaller than the surface 
area of the walls on which healing 
tubes are arranged, but greater than 
the sum of projections of these tubes 
onto the wall. 

The ratio of H, to the tolal surface 
area of furnace walls 


x = H, Fw (20.8) 


is called the coefficient of furnace scre- 
ening. 


20.2. Flame Emissivity 


In most cases, all tho walls of a boi- 
ler furnace are covered by heating tu- 
bes, except for small portions around 
the burner ports, manholes and view- 
holes, and the coefficient of furnace 
screening is usually equal to 0.95-0.96 
and approaches the magnitude of Lhe 
angular coefficient z. In low-capacily 
boilers, some portions of the furnace 
walls are left uncovered by tubes and 
the coefficient x is substantially lo- 
wer. 


20.2. Flame Emissivity 


As regards their intensily of radia- 
lion in the visible spectrum, flames 
may be luminous, semi-luminous or non- 
luminous. This division is rather con- 
dilional, since radiation is a flow of 
radiant energy not only in the vi- 
sible region. The radiation of a lu- 
minous or semi-luminous flame is de- 
termined by the presence of solid par- 
ticles (coke, soot and ash) in the flow 
of combustion products. Radiation of 
a non-luminous flame is mainly due to 
triatomic gases (CO, and IHO} present 
in the furnace. Their radiation is se- 
lective and falls mainly on the region 
of thermal (infra-red) wavelengths. At 
the samo temperature, gaseous substan- 
ces have a much lower radiation in- 
tensity than solids. The radiation in 
the volume of a boiler furnace is es- 
sentially the sum of the radiations of 
solid particles and gases and depends 
on the kind of fuel being burned. 

The intensity of radiation of solid 
particles in a flame depends on par- 
ticle size, particle concentration in Lhe 
furnace volume, and the properties of 
the solid. 

Coke particles aro usually of a size 
6. = 10-250 pm. Their radiation in- 
tensily is close to that of black body 
radiation, bul their concentration in 
the flame is not high (less than 0.1 
kg/m*). They are concentrated mainly 
near burners, so that their radiation 
onto furnace water walls is only 25- 
30% of the Lotal radiation in the fur- 
nace. 
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Ash particles are mostly of the same 
size as coke particles, but are distribu- 
ted all over the furnace volume. Theit 
concentration in the gaseous medium 
depends on the ash content of the fuel 
being used. The intensity of their ra~ 
diation constitutes 40-60% of the to- 
tal radialion in the furnace. The in- 
tensity of radiation is lower at a higher 
temperature of the gaseous medium 
and increases as the gases are cooled. 

Soot particles can form in large 
quantilies on combustion of fuel oils 
and natural gas. Thoy have a high 
concentration in the flame core and 
possess a high emissivity [10]. 

Radiation of triatomic gases in the 
furnace is delermined by their con- 
centration and the thickness of the 
radiating volume. The emissivity of a 
gaseous medium is determined by the 
relationship following from Bougu- 
er’s law: 

-ha Pps 


a =1—e (20.9) 
where i, is the coefficient of absorpti- 
on in the gaseous medium, pp is the 
total partial pressure of triatomic ga- 
ses, MPa, and s is the effective thick- 
ness of the radiating layer, m, which 
may be found from formulae given in 
[20]. 

The emissivity of the gascous medi- 
um in boiler furnaces ay = 0.4-0.5 
and their radiation is roughly 20- 
30% of the total radiation in the fur- 
nace. For all solid fuels, the flame 
emissivity in the. boiler furnace is 
found by the formula: 
kips 


ap=1—e (20.10) 
where ky is the effective coefficient of 
absorption in the furnace and p is the 
pressure of gases in the furnace, MPa. 

In pulverized-coal combustion, the 
lum inous flame fills almost the whole 
volume of the furnace (Fig. 20.4). The 
process of burning extends along al- 
most the whole height of the furnace, 
while the presence of incandescent ash 
particles makes the flame brightness 
almost the same along the whole 
height. The coefficient of absorption 
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Fig. 20.4. Variation of flame emissivity 
along the height of furnace 
1—Ior pulverized coal; 2—for fuel oil 


of radiation by the furnace volume is 
calculated by the formula: 


hy = kgr + kapa + kax (20.44) 


where r = Tro, + ru,o is the total 
volume concentration of triatomic ga- 
ses, ka is the effective coefficient of 
absorption by ash particles, pa is the 
dimensionless concentration of ash in 
furnace gases, ke is the effective coef- 
ficient of absorption of radiation by 
coke particles, and x is a constant for 
a particular kind of fuel (low-reactive 
or high-reactive). 

Solid fuels produce a semi-luminous 
flame on combustion. 

In fuel-oil fired boilers, the radiati- 
on of tho flame varies greatly along 
the furnace height (Fig. 20.4). Inten- 
sive radiation by soot particles is con- 
cenlraled in the zone of the flame core 
and quickly decreases beyond that 
zone. For this reason, in calculating 
the emissivity of a flame aj; the 
flame is conditionally divided into 
two portions: luminous and non-lu- 
minous: 

Qj, = Maiym + (1 — m) ag (20.12) 


where aium is the emissivity of the lu- 
minous portion which can be found 
from formula (20.10) upon substitu- 
ting kium for kj, ag is the emissivity 
of the non-luminous gaseous medium 
which is found by formula (20.9) and 
m is an averaging coefficient which is 
determined as the fraction of the fur- 
nace volume that is occupied by the 
flame core. 

The averaging coefficient for natu- 
ral gas combustion is m = 0.1 and 
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for fuel oil, m = 0.55. With solid 
fuels, since the flame is extended along 
the whole furnace and is equally bright 
in all its portions, it is taken that 
m= 1. 

The radiation of the luminous por- 
tion of the flame is mainly duc to 
burning soot particles and additional- 
ly to high-temperature triatomic ga- 
ses. The effective absorption of radia- 
tion in the luminous portion of the 
flame is: 


kium = k, + ker (20.13) 
where k, is the absorption by soot par- 
ticles. 

The intensity of radiation from the 
flame core on combustion of fuel oil 
is 2-3 times that for solid fuels and, 
even assuming that the averaging coef- 
ficiont m = 0.55, the heal absorption 
by water walls in a fuel-oil fired fur- 
nace is higher, as noted earlier (soe 
Sec. 8.1). Thus, as a boiler furnace is 
changed from pulverized coal to fuel 
oil, the temperature of gases at the 
furnace outlet decreases noticeably. 
In natural gas combustion, heat ab- 
sorption by tho water walls is mainly 
determined by the radiation of non- 
luminous triatomic gases, which is 
less intensive, so that the heat absorp- 
tion by less fouled water walls is clo- 
se to that in the combustion of solid 
fuel. 

The coefficient of thermal radiation 
in a furnace, aș, is determined by the 
emissivity of the flame aj; and the 
thermal efficiency pey of the water 
walls: 


1 


=—— >~ (20.14) 
i 1+ (3—1) Yes 


An increase in ay, leads to a higher 
absorption of radiant heat in the fur- 
nace. An increase in tho thermal effi- 
ciency of the water walls, Yep, implies 
an increase in their heat absorption, 
and therefore, a decrease in the effe- 
ctive radialion into the furnace volu- 
me, the result being a lower thermal 
radiation in the furnace and lower 
heat flux falling onto the water walls. 
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In that case the mean heat flux absor- 
bed by a water wall 


Tyr t 
qr = Cols Wey (so - 1078 kW/m? 
(20.45) 


increases somewhat due to a relative- 
ly groater change in the coefficient 
tpey- In formula (20.15), 7'),isthe mean 
effective temperature of the gase- 
ous medium in the furnace, K. 


20.3. Calculation of Radiant Heat 
Transfer in a Furnace 


Heat transfer from the flame to the 
heating surfaces arranged on the walls 
of a furnace is highly complex. The 
heat transfer process occurs here in 
parallel with fuel combustion which 
forms internal hoat sources in the ra- 
diating medium. The gas temperature 
distribution along the furnace height 
is determined by the ratio between 
the intensitics of heat release and 
heat absorption. Additionally, the 
thermal characteristics of water wall 
tubes may vary owing to surface fou- 
ling. 

At the initial stage just after igni- 
tion, intensive burning of fuel ensures 
a rise in temperature of the gases. At 
tho same time, the flow of heat energy 
to the water walls increases. At a 
certain distance from the burners, the 
temperature attains a maximum cor- 
responding to the equality between 
the heat release and heat absorption. 
Further, heat release decreases rapidly 
and becomes less than the level of heat 
absorption, so that the temperature of 
the gases diminishes monotonically. 
The rate of its decrease depends on 
the temperature maximum in the 
flame core, the prosence or absence 
of fuel aflerburning in the top portion 
of the furnace, and the degree of fou- 
ling of the water walls. 

The method for analysis of heat 
exchange in boiler furnaces developed 
in the USSR is based on the combined 
use of the results of analytical and 
experimental studies [20]. It proceeds 
from the possibility of application of 
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the theory of similarity which fairly 
well describes the principal thermal 
characteristics of boiler furnace opera- 
tion and their connection to furnace 
design. 

The calculation is based on the semi- 
empirical formula (A. M. Gurvich) 
which can be written in the following 
dimensionless form: 


z Bo®.® 


Torpag (20.46) 


It relates the dimensionless tempe- 
rature of gases at the furnace outlet, 
67, with the Boltzmann number Bo 
which characterizes the ratio of the 
heat released on fuel combustion to 
the maximum intensity of heat remo- 
val to the surface of the water walls. 
The coefficient M in the formula is 
introduced to consider the pattern of 
the temperature field in the furnace 
volume. The dimensionless tempera- 
ture of gases is found from the formula: 


0; = THT. (20.17) 


i.e., it is essentially the ratio of the 
gas temperature at the furnace outlet, 
T}, K, to the adiabatic temperature 
T,, K. It is always less than unity 
and shows how the temperature of 
gases in tho furnace volume decreases 
duc to heat oxchange. 

The Boltzmann number in formula 
(20.16) can be found by the following 
formulae depending on the original 
data available for the calculation: 


_ PBwV geg 
Bo = oote oT (20.18a) 
Bo = —5e@r 1 (20.48b) 


cope uT 1—0; 


(Bo is the rated fuel consumption), 

Let us consider in more detail the 
heat calculation and the role of va- 
rious terms in formulae (20.16) through 
(20.18). 

The principal thermal characteri- 
stics of a furnace are the useful heat 
release Q; and the enthalpy of gases 
at the furnace outlet, 7}. The useful 
heat release is the sum of the available 
heat of burned fuel Q? (minus the heat 
losses q3, 7, and qa within the furnace), 
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the heat introduced into the furnace 
by preheated and cold (sucked in) air 
(Qa = One + Qca), and the heat of 
the portion of flue gases recirculated 
from Lhe convective shaft. back into 
the furnace, Q,ec: 


—- p2 10 —a—945 — 46 
r= Qa — 0a, 


“fF (Qa— Qa.cx) T Qrec (20.19) 


The quantity of heat Qna is calcula- 
ted by the temperature of hot air at 
the outlet from the air heater. If air 
is preheated before the air heater by 
an external heat source (say, by bleeder 
steam from the turbine), Qa should 
be diminished by the quantity of that 
heat Qa.ex (see Sec. 7.2). 

The enthalpy of gases at the outlet 
from the furnace, Jj, can be found on 
the 7, 0-diagram or from tables for a 
given gas Lemperature @; (sec Sec. 8.1). 

If the useful heat release of the 
furnace, Q;, could be transferred comp- 
lelely to Lhe products of combustion, 
i.e. without heat exchange wilh the 
heating surfaces (adiabatic conditions), 
we would obtain the highest (theore- 
tical) temperature of combustion that 
could be developed in the furnace; it 
is more often termed the adiabatic 
temperature of combustion: 





(20.20) 


where (Vc)a, = Q;/®a is the average 
specific heal of combustion products 
formed by 1 kg of fuel within the tem- 
perature interval 0-0,, kJ/(kg K). As 
may be seen, to find the adiabatic Lem- 
perature, we have first to pre-esLimate 
it. The adiabatic temperature of ga- 
ses depends on the kind of fuel (in par- 
ticular on its calorific value) and excess 
air ratio and is equal to 1 700- 
1 850°C for brown coals and peat and 
t 850-2 100°C for coals, anthracile, fu- 
el oils and natural gas. 

The characteristic temperatures of a 
boiler furnace are the adiabatic tem- 
perature and the temperature of gases 
at the furnace outlet. They serve as 
reference points in the calculation of 
heat exchange in furnaces. The calcu- 
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Fig. 20.5. Sequence of heat calculation of 
boiler furnace 


lation of a boiler furnace is done in 
the following sequence (Fig. 20.5). 
Upon determining Q; and 77, the heat 
transferred by radiation in the fur- 
nace, Q,, kJ/kg, is found. After that 
we can calculate the surface area of 
the furnace covered by water walls, 
Fw, to absorb the total quantity of 
heat B,Q, at the given temperature 
conditions (6, and #7) and determine 
the thermal efficiency of the water 
walls. Finally, we determine the di- 
mensions of the furnace to arrange the 
water walls. 

Thus, the calculation of heat ex- 
change in a boiler furnace is based on 
solving two principal equations: 

the heat balance equation 


Q, = p (Q; — 17) = @ (Ve), X 
xX (Oa — 07) (20.21) 


and the equation of radiant leat ex- 
change 


By Qe = cgaytl yy (Th — Thep) 10- 
(20.22) 


where Taep is the temperature on the 
surface of the deposils on the water- 
wall tubes, K, ọ is the coefficient of 
heal retention (see Sec. 6.2), and 
(Vc), is the averaged heat capacity of 
gases in the temperature interval 
(8. — 85), kJ/(kg K). Equation (20.22) 
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Fig. 20.6. Temperanire field in gases along 
the height of furnace 


Burner 3, Burner 2—burner lines in the furnace; 
X,, X,—heights of burner lines 


can be transformed as follows: 
Tå 
es 4 ep = 
BuQ p= Coty ZF Tht (1 a, )-10 u 
(20.23) 


The expression in the brackets is 
the coefficient of fouling $; noting 
further that z— = pep, wo finally get: 


BuQe = CAs eh u Th:10- (20.24) 


from which the surface area of the 
water walls is found as 


> 10" BQ, 
~~ coat ¥esT fy 


The accuracy of the calculation of a 
boiler furnace depends heavily on how 
accurately the effective temperature of 
gases in the furnace, Tj has been 
averaged. The actual temperature field 
of gases has a rather intricate pattern 
along the furnace height (Fig. 20.6). 
This variation in the [lame temperatu- 
re is described satisfactorily by the 
formula of three parameters: 


T =ToV AX 'e7P* (20.26) 


which covers Lhe entire diversity of 
temperature fields possible in boiler 
furnaces. In this formula, A, ¢ and p 
are the parameters of the temperature 
field in the furnace, T and 7, are the 
current and adiabatic temperatures of 
gases, K, X is the relative height of 
the position of the flame zone with the 
highest Lemperature of burning in the 
design height of the furnace. The 





(20.25) 
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solution of equation (20.26) is quite 
complicated and can be found in the 
specialist literature [10]. 

In view of the difficulties associated 
with the mathematical description of 
temperature fieldsin furnaces, attempts 
have been made to find semi- 
empirical solutions for T; by using 
the two characteristic Lemperatures 7; 
and 7,. The most successful is the 
solution found by G. L. Polyak and 
S. N. Shorin, which is given as a re- 
lationship of the dimensionless rela- 
tive temperatures of gases: 


O= m (Oa) (20.27) 


where O;; = T/T a is the dimension- 
less average effeclive temperature of 
gases, and m and z are empirical 
coefficients which depend on the con- 
ditions of combustion and gas cooling 
in a furnace. 

Upon substituting the dimensionless 
ges temperatures, equation (20.27) can 
be writlen in the following form: 


(20.28) 


Numerous experimental studies of 
heat transfer in boiler furnaces have 
demonstrated that the coefficient m, 
which characterizes the similarity of 
temperature fields in boiler furnaces 
under different conditions of combu- 
stion, is only slightly dependent on the 
operating conditions of a furnace, but 
is closely associated with the coeffi- 
ciont n. Coefficient m is close to unity 
and constant for a given value of z. 
The exponent n is a function of the 
relative position of the temperature 
maximum of gases in a furnace (Fig. 
20.7). The most typical values of X 


Phy = mT YT 














Fig. 20.7. Variations of the exponent n as 
a function of the position of the maximum 
of gas temperature X in the furnace 
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for boiler furnaces (X = 0.15-0.30) 
fall on the region where n depends 
substantially on X. In this connection, 
the methodics of heat transfer cal- 
culation for boiler furnaces is revised 
periodically (every few years) when 
new types of boilers appear. 

For boilor furnaces of small dimon- 
sions and for combustion chambers in 
two-chumber and open-type furnaces 
of high-capacity boilers, it may be 
taken that n = 0.5. Then the average 
temperature of gases can be delermi- 
ned by the formula: 


Ta=0.925V 7.7; (20.29) 


For open-type single-chamber fur- 
naces of steam boilers of power sta- 
tions, it is taken that n = 2/3 and 
m = 1 which corresponds to X = 
= 0.33. With a lower position of tho 
burners in the furnace, and consequen- 
tly, of the zone of the highest lempe- 
rature of gases (Fig. 20.6), the tempe- 
rature of gases at the outlet of a fur- 
nace of n given design will be lower, 
so that in the calculation by the assu- 
med value of T}, the height of the 
furnaco should be diminished. 

Sinco the actual position of the 
highest temperature of flame may de- 
viate from the design value, an addi- 
tional temperature field parameter is 
introduced into formula (20.25): 


M = A — BX 


where A and B are empirical coeffi- 
cients depending on the kind of fuel 
used. 

In most cases, the relative position 
of the highest temperature zone in the 
furnace, X, coincides with the level 
of burnors X,, since with horizontally 
directed burners the maximum of tem- 
perature in the flame core lies in the 
horizontal portion of the flame. In all 
cases of delayed ignition or combu- 
slion (straight-flow burners, multi- 
tier burners), a correction AX is 
added to X, to account for a higher 
actual] position of the flame core; then 
X = X, + AX. 

The final formula for determining 
the surface area of a boiler furnaco is 
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as follows: 


» 10" Be, 
a ega yey MTFTS 
3/1 Te 4\2 
IV (7 — 4)* (20.30) 
Check calculations of heat transfor 
in boiler furnaces of given dimensions 
can also be made by using the dimen- 
sionless formula (20.16) which can be 
transformed as follows: 


z ” Ta 
10; = pre ie Gl — 273 
+M (5r) 
Tho fraction of heat absorbed by the 
heating surfaces in the furnace due to 
radiation, relative to the useful heat 
Telease in the furnace, is called the 
coefficient of direct heat release: 


Hy = Qr/Q, (20.32) 


Disclosing Qr from formula (20.21), 
we obtain: 


u= qù — 3) (20.33) 


The direct heal release to the hea- 
ting surfaces in the furnace is usually 
roughly half of Q;. It is higher in the 
combustion of dry solid fuels, natural 
gas and fuel oils which have a high 
temperature of burning (u; = 0.45- 
-0.55) and lower for moist brown coals 
(py = 0.38-0.45); for fuels with a very 
high moisture content (W > 7), the 
direct heat release may be less than 
0.35. In all cases, u; decreases with an 
increase of ð}, as follows from formu- 
la (20.33). 

Zonal calculation of furnace. The 
general heat-transfer calculation enab- 
les us to find only the average heat 
absorption by furnace walls. In many 
cases, however, especially for once- 
through boilers, it is essential to know 
the heat absorption in individual zones 
of the furnace so as to determine the 
temperature conditions in tubes (say, 
in the lower, medium and upper ra- 
diant sections). This can be done by 
zonal calculation of a furnace: the 
furnaco is divided into a number of 


(20.31) 
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zones (four-six), each 3-6 m in height. 
The first zone is that of the highest 
heat release (the zone of burners). 

In zonal calculation, the tempera- 
tures of the gases at the outlet from 
each zone are determined, after which 
the heat fluxes in the zones can be 
calculated. First, the heat balance is 
written for the zone of the highest 
heat release su as to find the tempera- 
ture of gases at the outlet from that 
zono: ze 


Qi = Bo (Ve)"07 = Bu (Bout 
Eg Qpn + Qa + Qrec = Qe) TR BeQri 
(20.34) 


where Beu = 0.92-0.98 is the degree of 
fuel burn-up in the zone and Q,, is 
the radiant heat of the gases that is ab- 
sorbed by the water walls and by the 
upper and lower horizontal planes 
which confine that zone. 

The term BaQ, is calculated from 
formula (20.22) by assuming an appro- 
ximate value of Ty; which will then 
be determined more accurately. Upon 
solving equation (20.34), one can de- 
termine the temperature of gases at the 
outlet from the first zone, ĝi. 

After that, gas temperatures at the 
outlet of the second and subsequent 
zones are found by considering the ad- 
ditional heat of fuel burn-up in a zone, 
ABsuQ? and the radiant heat given up 
to the water walls. Having made the 
calculation for all the zones, one can 





Fig. 20.8. Curves of zonal calculation of 
furnace 


(a) variation of gas temperature along: the furna- 
kce height; (b) varialions of relative heat fluxes 
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construct the curve of gas temperature 
variation along the furnace height 
(Fig. 20.82). For the given tempera- 
ture conditions in the zones, one finds 
the absorbed radiant heat fluxes in 
the furnace zones, g,, [by formula 
(20.15)]. The ratio of g,, for a parti- 
cular zone to the absorbed heat flux 
of the whole furnace, g,, (Fig. 20.82) 
is called the coefficient of distribution 
of heat absorption along the furnace 
height: 


Na = Qre/Qr (20.35) 


20.4. Radiant Heat Transfer in Boiler 
Flue Ducts 


The heating surfaces of a boiler just 
downstream of the furnace are swept 
by high-temperature gases and receive 
an appreciable portion of heat by ra- 
diant heat transfer. In particular, se- 
mi-radiant heating surfaces of a boiler, 
such as the platen superheater or slag 
screen, which are arranged at Lhe out- 
let from tho furnace, receive the major 
portion of their heat by absorbing 
direct radiation of the flame core. 

The radiant heat absorbed by pla- 
tens from the furnace, Qr.pn is found 
as the difference between the radiant 
heat flux at the inlet to a platen and 
the heat flux re-radiated from the pla- 
ten onto subsequent heating surfaces: 


Qr.pt = Q,.in = Qr.out (20.36) 


The radiant heat of the furnaco that 
is absorbed in the inlet plane of pla- 
tens is found by the results of beat 
calculation of the furnace: 

Hy pt 


Orin = Page B, 





(20.37) 


where f is the coefficient taking acco- 
unt of the mutual heat exchange bet- 
ween the furnace medium and the ga- 
ses in the volumes between platens; it 
is taken equal to 0.6-1.0 depending on 
the kind of fuel and the gas tempera- 
ture at the furnace outlet; and H;.p: 
is the surface area of the inlet section 
of platens that absorbs radiant heat 
from the furnace, m?. 
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The heat flux at the outlet from 
platens, Qr.out: kJ/kg, is the sum of 
the radiant heat that has passed from 
the furnace through the platens (re-ra- 
diated heat) and the heat that is ra- 
diated from the gas volume in the 


platens onto the subsequent heating 
surfaces: 


Qr.out=Qr.in (1— a) FP- + Qipi 
(20.38) 


where a is the emissivily of gases in 
the zone of platens, @,, is the angular 
coefficient of radiation from the inlet 
onto the outlet section of the platens, 
which is delermined by their geometri- 
cal characteristics (the spacing bet- 
ween the platens and the depth of pla- 
tens), and Q?.p: is the radiation of 
gases from the plalen zone onto a hea- 
ting surface behind the platens, which 
can be found from the laws of radiant 
heal exchange. 

The heat absorption by the platens 
from the gas flow is determined by 
the coefficient of heal transfer a,, 
kW/{m? K), which considers both the 
radiant and convective heat transfer 
in a platen: 


qı = § (Gr +a.) (20.39) 


where the coefficient Ẹ is introduced to 
account for the non-uniform sweeping 
of the platens by gases. 

Direct radiation from the furnace 
into the zone of platens increases the 
temperature on the surface of the de- 
posits on the front row of the platen 
lubes and decreases the heat absorp- 
lion from the gas flow sweeping these 
tubes. This circumstance is conside- 
red in the calculation of the coeffi- 
cient of heat transfer in platons, kp, 
by introducing a multiplier (4 + 
+ Qr.pi/Qp:) into the denominator, 
which gives the following formula 
for Apr: 


1 
1 1 
ap EHO mOn) (e+) 
(20.40) 


kp = 
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where Qp: is the total heat absorption 
by the platens duo to convective heat 
transfer and to radiation of gases in 
the platen zone. 

For other heating surfaces of a boi- 
ler, radiant heat transfer is determi- 
ned only by radiation from the space 
between the tubes, i.c. they receive no 
direct radiation from the furnace. The 
emissivity of gases depends on their 
temperature, the intensity of thermal 
radiation in the gas volume, the size 
of that volume, and the temperature 
and emissivity of external deposits on 
the healing surfaces. The emissivity 
in a convective heating surface can be 
found from the formula: 


Gr < 
a, = Ty Tan (20.41) 
where T, is the average temperature 
of gases, K, and T4ep is the tempera- 
ture of the deposits on heating tubo 
surfaces, K. 

The radiant heat flux absorbed by 
the unit surface area of a heating sur- 
face in a convective gas duct can be 
found from the equation: 


adept í 


Gr = Cols —z (Tg — T dep) 107 


(20.42) 


where ag and 4&4ep is the emissivity of 
the gascous medium and external de- 
posits on the tube surface (it is usual- 
ly taken that agep = 0.8). The expo- 
nent n is equal to four in a dust-laden 
gas flow (to consider the radiation of 
ash particles) and n = 3.6 for clean 
gas flows (on combustion of natural 
gas or fuel oil). The temperature of 
the surface of the deposits on superhc- 
ater tubes is determined by the for- 
mula: 


BwO 
H 


where Twy is the temperature of the 
working fluid (steam), K, and Q is 
the total heat absorption by the hea- 
ting surface, including the radiation 
from intertubular space, kJ/kg. 

As may be seen, the equation For 
T áep includes another unknown quan- 


Tdep™ Tos + (e + 1/a.) 





(20.43) 
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tity, the intertubular radiation, so 
that the solution should be found by 
the successive approximation method. 
For other heating surfaces arranged in 
the zones of lower gas temperatures 
and lower heal fluxes, the difference 
belween Taep and Twy decreases and 
Tey can be found from the formula: 


Taep = Tus + At (20.44) 


where At is the recommended calcu- 
lation norm for various types of hea- 
ting surfaces and temperature zones. 

The emissivity of a gaseous medium 
in the general case is expressed by 
Bouguer's relationship: 


ag=1—e-"P§ (20.45) 
where the product ps is called the to- 
tal optical thickness of combustion 
products (see also Sec. 20.2). 

The coefficient of absorption of ra- 
diant. heat by a gaseous medium on 
combustion of solid fuels is determi- 
ned (with the concentration of fly 
ash taken into account) by the for- 
mula: 


k = (ker — kapa) (20.46) 


For ash-free gas flows, the second 
term is equal to zero. In convective 
tube banks, the thickness of the in- 
tertubular radiating layer s depends 
on the relative tube pitches s,/d and 
sid [20] and is usually equal to 
0.1-0.2 m, i.e. it is only 1/20-1/50 
of the thickness of gas layer in the 
furnace. For this reason, radiant heat 
transfer in conveclive banks (conside- 
ring also that the temperature of gases 
decreases in flue ducts) is two or three 
orders of magnitude lower than that in 
the furnace. At gas temperatures be- 
low 400°C, radiation in dense tube 
banks can be neglected. 

Gas volumes in fronl. of convective 
banks have a more noticeable radia- 
tion intensity owing to a higher effe- 
clive thickness of the radiating layer. 
Tn this case, the emissivily for a con- 
veclive bank arranged behind such a 
volume is higher than in the calcula- 
tion of intertubular radiation and can 


171—1524 


257 





he found from the formula: 


P Bie 1 Tg 02557, \0.07 

a= a, [1 Af T) (2) ] 

(20.47) 
where a, is the heat transfer coeffi- 
cient determined by the relationships 
of interlubular radiation, A is a coef- 
ficient depending on the kind of fuel, 
l, and l, are the depth of the gas vo- 
lume (along the gas motion) and of 
the tube bank, m, and 7’, is the gas 
temperature in the volume upstream of 
the bank, K. 

The heat transferred by radiation 
from a gas volume onto a tube bank 
upstream of that volume is negligible, 
since the temperature of gases in the 
volume is lower than the average tem- 
perature in the bank. This radiation 
is nol considered in our calculations. 


20.5. Convective Heat Transfer 
in Boiler Flue Ducts 


Convective heating surfaces of a 
boiler include the elements arranged in 
the horizontal gas duct behind the 
semi-radiant surfaces of platens or 
slag screen and those mounted in the 
convective shaft. This is a zone of 
relatively low gas temperatures where 
the effectiveness of radiant heat trans- 
fer decreases rapidly. In order to 
increase heat absorption by convec- 
tion, gas velocities in this zone are inc- 
Teased and the heating surfaces are 
extended by using tube-coil banks with 
densely spaced tubes arranged for 
cross-current sweeping by the gas 
flow. The intensity of heat absorption 
by convective heating surfaces dimi- 
nishes along the gas path from 
40 kW/m? for the convective super- 
heater to 4-2 kW/m? for the air heater. 
In regenerative air heaters, gases and 
air move along heat-transfer plates, 
so that the intensity of heat transfer 
per unit area of smooth surface of pla- 
tes is only 1/3 or 1/4 that in Lube-coil 
banks. Heat transfer can bo intensi- 
fied by various methods (seo Ch. 19). 
The principal equations of heat trans- 
fer are as follows: 
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heat transfer equation: 


kath 
== 


z (20.48) 


heat balance equation for the gas 
sido: 


QË = q (g — It + Aal?) (20.49) 


and equation of heat absorption 
by the working fluid: 


wf D on m 
Qi =B; (i i’) 

An additional condition is that Q; = 
= Of = Qb!, kJ/kg. 

In equations (20.48) through (20.50), 
H is the heating surface area of an 
element, m*, k is the heat-transfer 
coefficient, kW/(m2 K), At is the ra- 
ted temperature gradient, K, B, is 
the rated fuel consumption, kg/s, D 
is the flow rate of the working fluid, 
kg/s, I, and Iz are the enthalpies of 
combustion products at the inlet to 
and outlet from an element, kJ/kg, 
7%, is the enthalpy of sucked-in air, 
kJ/kg, ^a is the relative air inleaka- 
ge in a gas duct, i’ and i” are the en- 
thalpies of the working fluid at the 
inlet to and outlet from the element, 
kJ/kg. 

For the air heater, the heat absorpti- 
on by working fluid (air) is determined 
by the following formula instead of 
(20.50): 


GE = (Ba — 0.5Acas) (Iha — Tea) 
(20.51) 


where f, is the relative excess of air 
at the inlet to the air heater, and 
Ifa and J%, are the enthalpies of the 
theoretical volume of air taken res- 
pectively at the temperature of hot 
and cold air, kJ/kg. 

In design calculations, the heating 
surface arca H is found from equation 
(20.48). In this case, the heat absorp- 
tion by working fluid through surface 
area H is known, so that one can de- 
termine from equation (20.49) the en- 
thalpy and temperature of gases be- 
hind that surface and then the tem- 
perature gradient At and the hent- 


(20.50) 
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transfor coefficient for the heating 
surface. 

In a check calculation, one has to 
determine the heat absorption hy the 
heating surface from equation (20.48). 
To calculate At and k, one has to 
assume the heat absorption Q, appro- 
ximately and then to correct il, sinco 
the specified value and that obtained 
from equation (20.48) should differ 
by not more than 2%. 

In the heating surfaces of boilers, 
heat transfer occurs through a multi- 
layer cylindrical wall—a metallic tube 
with deposits on its outside and inside 
surfaces. The heat-transfer cocfficient 
is usually determined by using the 
formula for a plane multi-layer wall. 
With a sufficiently large tube diame- 
ter, this involves no substantial error 
and simplifies the calculation consi- 
derably. 

The formula for the heat-transfer 
coefficient of a plane multi-layer wall 
is as follows: 


1 
k= 1/a, F ôsi/Ast +ÔmlAm + Âse Ane +1lae 
(20.52) 


where a, and a, are the coefficients 
of heat transfer from the heating fluid 
to the wall and from the wall to the 
heated fluid, ôm, sn and 6,, are the 
thicknesses of the metallic wall, the 
external layer of deposits (slag) and 
the internal layer (scale) and A, Agi, 
and A,. are the respective conductivi- 
ties. 

The ratios 1/a, and 1/a, are essen- 
tially the thermal resistances to heat 
transfer at the external and internal 
side of the surface. For hoating sur- 
faces in which tho working fluid is 
water, a steam-water mixture or su- 
perheated steam of supercritical pres- 
sure, the coefficient a, substantially 
exceeds (by two or three orders of mag- 
nitude) the coefficient a,, so that the 
thermal resistance on the internal side 
1/a, can be neglected, since 1/a, is 
much greater than 1/a,. The same is 
true of the thermal resistance of tho 
metallic wall: 5,,/Am is much lower 
than 1/a,. 
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Fig. 20.9. Diagrams of motion of the heating and heated media in the convective elements 


of 


For the normal operation of a boiler, 
the scale on the internal surface of 
the tubes should cause no noticeablo 
increase in thermal resistance, so that 
the thermal resistance of scale is not 
considered in calculations (84¢/Ase = 
= 0). 

The thermal resistance of deposits 
on the outsido surface of the tubes 
e = 6,,/A,: (ash, slag, soot, corrosion 
products) cannot be disregarded, 
though measures are taken in boiler 
operation lo romove deposits periodi- 
cally (see Sec. 16.1). 

In certain cases when some of the 
quantities in the relationships indi- 
cated are unknown or the flow condi- 
tions are too complicated, the coeffi- 
cient of effectiveness Y of a heating 
surface is used, which can be found 
from the heat balance of that surface. 

The heat-transfer coefficient is de- 
termined as an average value for the 
whole surfaco considered at an avera- 
ge velocity of gases. The coefficient 
of utilization E is also introduced to 
take account of the incom plete or non- 
uniform sweeping of a heating sur- 
face by the gas flow. In view of the 
above, formula (20.52) can be re-writ- 
ten in the following form: 


i7* 


boilers 


for tube-coi]l surfaces 


res 1 
k= -aape Fia (20.53a) 
and for regenerative air heaters 
= E 
k= Ta, Fie (20.53b) 


Diagrams of the relative motion of 
heating and heated fluids in most ty- 
pical heating surfaces of boiler plants 
are shown in Fig. 20.9. The tempera- 
ture gradient, i.e. the average tempe- 
rature difference between the heating 
and heated fluid for the whole heating 
surface in parallel flow, counter-cur- 
rent flow and multiple cross-flow 
(with the number of passes more than 
four) can be found by the formula: 


Atg—At, 

BB log Atg/dty (20.54a) 
where At, is the greatest and At; is 
the lowest temperature difforence bet- 
ween the fluids at the ends of a hea- 
ting surface, deg C. 

If the ratio At,/At, does not exceed 
4.7, the temperature gradient can be 
determined sufficiently accurately as 
the mean arithmetic value. 

As shown in Fig. 20.9, a multiple 
cross-current flow of fluids is used pre- 


At 
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dominantly in the heating surfaces of 
boilers. With the number of passes for 
one of the fluids less than four or with 
a mixed mode of flow, heat transfer in 
a heating surface will be somewhat lo- 
wer than in a purely counter-current 
motion of fluids; this can be conside- 
red by introducing a correction coef- 
ficient Y for the temperature gradient 
determined for the counter-current 
mode: 


At = WAt., (20.54b) 


Tho coefficient W is determined 
graphically for a particular scheme of 
motion of the two fluids [20]. 

In circuits with parallel or succes- 
sive-mized fluid flow, tho calculation 
can be carried out separately for each 
of tho passes and dotermines the ave- 


rage temperature gradient for the 
whole heating surface: 
Nae At,H,+-AteHe (20.55) 


Uy4+Hs 


where H,, H, are the areas of indivi- 
dual portions, m*, and At,, At, are 
the temperature gradients in them, 
deg C. 

The same approach is used when the 
heat capacity of one of the fluids chan- 
ges significantly within the heating 
surface calculated, for instance, if the 
fluid changes the state of aggregation 
(as in a boiling economizer). In this 
case, the heat absorptions Q, and Q, 
in the portions with the single-phase 
and two-phase fluid are found separa- 
tely, after which the temperature gra- 
dients Af, and Af, are determined for 
these portions and averaged for the 
whole heating surface. 


20.6. Velocities of Gases 
and Working Fluid in Convective 
Heating Surfaces 


The optimal velocity of gases is 
that at which the cost of construction 
and operation of a heating surface is 
at a minimum. With an increase in 
gas velocity, the coefficient of heat 
transfer increases, wilh the result 
that the heating surface is smaller 
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and its cost is lower. A smaller 
healing surface offers a lower hyd- 
raulic resistance to the motion 
of working fluid (steam, water, steam- 
water mixture) in tubes, which makes 
it possible to reduce the power of the 
feed pumps (in the design of super- 
heaters and economizers) and increase 
the power of the turbine (due to a lo- 
wer resistance of the reheater). On the 
other hand, this increases the con- 
sumption of energy needed to over- 
come the greater resistance of tho gas 
path. 

The optimal velocity of gases can be 
found by technico-economical calcula- 
tion. The best version is that in which 
the expected expenditures Z are at a 
minimum: 


Z=C+p,Kk (20.56) 
where C is the annual expenditures 
associated with operation of the equip- 
ment, p; is the coefficient of deprecia- 
tion for the capital expenditures (in 
power engineering, it is usually taken 
equal to 0.15 por year), and K is the 
initial capital expenditure: 


K = Ke, + Kar + Kaun (20.57) 


where K,, is the cost of the considered 
element in the gas path, Kar is the 
cost of the draft fan, and A,,, is the 
cost of a substituting auxiliary plant 
to provide continuous power genera- 
tion in the system. 

Gas velocities calculated by this 
method are called cconomical (w,,). 
For instance, for balanced-draft steam 
boilers with the cost of reference fuol 
of 10-12 (roubles/t), the economical gas 
velocities, m/s, in superheaters and 
economizers with staggered tubes aro 
as follows (at the rated boiler load): 


For tubes of steel 20 (economizer) 134-2 
For pearlitic-steel tubes (super- 
heater) ....... 2s. 12 +2 


For pearlitic-steel tubes (rehealer) 19 + 2 
For austenitic-steel tubes (super- 
heater) . 2... eee 19+2 


For in-line tubes, tho cconomic gas 
velocities are 40% higher. 
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Fig. 20.10. Curves of optimal ratio of air 
and gas velocitics in air heaters 
t—at specific heat Tals sale = 1; g—at Eag = 


In solid fuel combustion, these ve- 
locities in most cases are nol reached 
in view of excessive abrasion wear of 
tubes by ash (see Ch. 16). 

The inlensity of heat transfer and 
the beating surface area in air heaters 
depend on the velocity of gases and 
air, since the heat-transfer coefficients 
al. both sides (gas and air) are rather 
close to each other, especially in re- 
gencralive-type air heaters. For this 
reason, one first has to determine the 
optimal velocity ratio Pont = WalWg. 
Figure 20.10 shows variations of opt 
which depend on the ratio of volumes 
and specific heats of gas and air in re- 
generative air heaters. 

As has been demonstrated by calcu- 
lations, Popi depends on the type of 
air heater. For tubular air heaters, 
opt = 0-4-0.55 at the optimal gas ve- 
locity Wee = 11 + 2 m/s; for regene- 
rative air heaters, Gop: = 0.86-0.92 
at Wee = 10 +1 m/s [53]. 

The velocity of working fluid (ste- 
am, water) has no essontial effect on 
the intensity of heat transfer and on 
the dimensions of the heating surfaces, 
since the highest thermal] resistance 
appears on the side of heating gases. 

The velocity of steam in superheca- 
ters should be such as to ensure relia- 
ble conditions for the operation of the 
metal, which in the final result. deter- 
mines the cost of a healing surface. 
All superheaters can he divided into 


three main types which require diffe- 
renl approaches to the selection of ve- 
locities [6]. 

1. The last (outlet) banks of the 
superheater and reheater are arranged 
in the high temperature zone of gases 
and have the highest temperature of 
steam. The high velocity of steam 
ensures the reliable cooling of tube 
walls; at any load of the boiler, the 
motal temperature is nol allowed to ri- 
se above the limit for a particular 
steel. Pressure loss is of minor impor- 
tance in this case. This group also 
includes radiant and semi-radiant (pla- 
ten) superheaters which receive high 
heat fluxes by direct radiation from 
the furnace with a high degree of non- 
uniformity across the furnace width. 

2. Convective superheaters are ar- 
ranged in zones with gas Lemperatures 
below 1 000°C and cooled by modera- 
tely superheated steam. These have a 
certain reliabilily margin of the me- 
tal. In this case, the optimal steam 
velocity is determined mainly by the 
superheater design and by the mini- 
mal cost of a tube bank (for a lower 
steam velocity, one has to increase 
the number of tubes in a bank or the 
diameter of the tubes, which will 
increase the dimensions, and there- 
fore, the cost of a superheater section). 

3. Reheater banks are arranged in 
zones of moderate gas temperatures 
(450-600°C). Their optimization is car- 
ried out by considering the effect of 
steam velocity on the dimensions of a 
healing surface and on the hydraulic 
resistance of the reheater (a higher 
hydraulic resistance decreases the po- 
wer of the turbine). 

Practical recommendations can be 
reduced to specifying the mass veloci- 
Lies of steam wp, kg/(m* s), for various 
types of heating surfaces. For instan- 
ce, the recommended values are wp = 
= 800-1 100 kg/(m*s) for the outlet 
convective banks and 450-600 kg/(m? s) 
for olher banks. For reheater banks, 
wp = 250-400 kg/(m* s) is sufficient. 

The velocity of water in convective 
economizers is selected so as to pre- 
vent stratification of the steam-water 
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flow should boiling occur and to ensu- 
re carry-over of gas bubbles along the 
tubes, which appear in heated water. 
On the other hand, it should be con- 
sidered that an increase in water velo- 
city can substantially raise the hyd- 
raulic resistance and the energy con- 
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sumption by feed water pumps. Tho 
recommended values of water velocity 
are wp = 500-600 kg/(m*s); in the 
economizer zone where partial evapo- 
ration of water can take place (the 
boiling section of the economizer), 
wp = 800-900 kg/(m? s). 


LAYOUT AND HEAT CALCULATION 
OF STEAM BOILER 


21.1. Boiler Layout and Structures 


Boiler layout. The mutual arrange- 
ment of the gas ducts‘of a boiler and 
the direction of combustion products in 
them determine what is called the 
boiler layout which may be II-, T-, N-, 
U-shaped, four-pass or tower-type 
(Fig. 21.1). 

Among them, the II-shaped layout 
is most popular (Fig. 21.1a): the 
furnace is arranged in an ascending 
shaft and the convective heating sur- 
faces nre arranged in a parallel descen- 
ding shaft. Its advantage is that fuel 
is supplied and gases are removed at 
the bottom, which is convenient for 
the removal of liquid slag and for the 
shot-blasting of tho convective surfa- 
ces. The draft fans are mounted on 
the zero (floor) level so that their vib- 
rations are not transferred to the boiler 
structure. A drawback of the II-sha- 
ped layout is that, sinco the gases are 
turned by 180°, the heating of conve- 
ctive surfaces and tho concentration of 
ash over the cross section of the con- 
vective shaft may be uneven. 

Tho T-shaped layout is often emplo- 
yed in high-capacity boilers, with two 
convective shafts arranged at both si- 
des of the furnace (Fig. 24.1b); this 


makes it possible to diminish the depth 
of the convective shafts and the height 
of the connecting horizontal ducts. The 
total cross-sectional area of the two 
convective shafts is higher than in the 
former scheme. The draft fans are mo- 
unted on the zero level. The T-shaped 
layout is especially suitable for the 
boilers fired on fuels which produce 
abrasive ash (such as Ekibastuz coals) 
where it is essential to reduce the ve- 
locity of combustion products. The re- 
moval of combustion products from 
the two shafts in this layout involves, 
however, certain design difficulties. 
Furthermore, a T-shaped boiler is mo- 
re intricate in design than a II-shaped 
one and consumes more metal. 

In some cases, the three-pass layout, 
with draft fans arranged at the top, is 
employed (Fig. 24.1c); this scheme is 
popular, in particular, in the FRG. 
In this layout, combustion products 
move ascendingly in the furnace and 
convective shaft and descendingly in 
the connecting vertical gas duct. The 
four-pass layout (Fig. 21.1d) is used in 
boilers firing fuels with a very high 
ash content (such as oil shales). Theso 
schemes are characterized by the pro- 
vision of an intermediate vertical gas 
duct which may havo heating surfaces 
(say, platens) with widaly spaced tubes 
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Fig. 24.4. Various schemes of boiler layout 


so as to prevent slagging in the high- 
temperature zone. 

High-capacity supercharged boiler 
plants are often built by the tower 
scheme (Fig. 24.1e) in which combus- 
tion products move in the furnace and 
convective shaft only upwards. This 
layout offers the following advantages: 
the boiler plant occupies the least area 
in plan; convective heating surfaces 
are swept evenly by the combustion 
products, since there are no turns of 
gas flow; the gas path has the lowest 
resistance, since there are neither des- 
cending gas ducts nor gas turns. The 
drawbacks of this layout are as follows: 
the boiler structure should be stronger 
to carry the convective heating surfa- 
ces; the last banks of the superheater 
and the draft and exhaust fans must be 
installed at a high height; it is impos- 
sible to employ shot-blasting for clea- 
ning the convective heating surfaces. 
There is a compromise solution: the 
semi-tower layout in which the rege- 


nerative air heater and draft means are 
mounted on the floor level and conne- 
cted with the boiler tower by a descen- 
ding gas duct which has no heating sur- 
faces. 

The tower layout requires a heavier 
boiler structure to carry the air hea- 
ters, draft fans and stack. It is more 
suitable for supercharged fuel-oil fired 
boilers and for boilers operating on 
high-ash brown coals: since ash-laden 
combustion products move in a stra- 
ight path, abrasion wear of convective 
surfaces is not as strong as in other ty- 
pes of boiler layout. 

In the U-shaped two-pass layout 
(Fig. 21.17), combustion products move 
downwards in the furnace and upwards 
in the convective shaft (inverted lay- 
out). Burners are arranged in the fur- 
nace roof. The U-shaped layout has the 
following advantages: the flame ade- 
quately fills in the furnace volume; 
the superheater can be mounted on a 
low level, i.c. it can be connected 


264 


wilh the turbine by a shorter pipeline; 
and the air path has a low aerodyna- 
mic resistance (the air heater is quite 
close to the burners). Its drawbacks are 
as follows: fuel must be supplied to the 
burners lo an appreciable height; draft 
and exhaust fans and ash collectors 
must be mounted on a high level. The 
U-shaped (inverted) layout can be 
employed for the combustion of gas, 
fuel oil and solid fuels provided that 
the furnace is of the dry-bottom type. 

The layout of high-capacity boilers 
of monobloc units should meet certain 
additional requirements (in view of 
the considerable size of Lhe plant in 
plan, the application of steam rehea- 
ting, etc.) and onsure reliable opera- 
tion of the boiler in combination with 
the turbine. 

The span of roof beams in high- 
capacity boilers is sometimes dimi- 
nished by dividing the furnace and 
conveclive shafts into two seclions, 
i.e. a boiler has two housings (each 
with its own molal structure and re- 
fractory setting) in which the heating 
surfaces are arranged symmetrically 
(two-housing symmetrical boiler lay- 
out). Provision of shut-off valves on 
the two symmetrical sections gives 
what is called the double-bloc layout. 
With one of the sections shut down, 
a double-bloc boiler plant can operate 
at 50-% load, which improves its 
manoeuvrability, but increases the 
cost and the unit fuel consumption, 
since the superheater has the same 
rated hydraulic resistance. Further, 
the turbine efficiency decreases at 
partial loads. 

In two- and multi-pass schemes of 
gas motion, the furnace and gas ducts 
may either be fully separated from 
each other (as in Fig. 21.1a, b, d, and 
f) or have a common longitudinal par- 
tition formed by gas-tight water walls 
(Fig. 21.4¢ and g). 

Air heaters are arranged cither in 
the lower portion of the convective 
shaft or outside the boiler or even the 
boiler room, so as to leave space for 
the arrangement of burners or shot- 
blasting installation. The arrange- 
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ments of the particular heating sur- 
faces of boilers have been described in 
more detail in Chs. 17-19. 

Boiler structure. Modern high-capa- 
city boilers manufactured in the USSK 
are usually of the TI- or ‘T-shaped lay- 
out. The layout of a boiler determines 
the design of the boiler structure and 
stress distribution in it. 

The boiler structure is essentially a 
supporting stcel framowork which car- 
ries various boiler elements, such as 
the drum, heating surfaces and hea- 
ders, refractory setting, insulation and 
casing, pipelines and ducts, stages, 
stairs, etc. The boiler structure may bo 
either isolated from the load-carrying 
structure of the boiler room building 
and be supportod on an individual 
foundation or made integral with tho- 
se structures. In tho former case, the 
boiler structure carries the whole load 
of the boiler and transmits it to tho 
foundation. The load on the foundati- 
on includes the mass of the boiler pro- 
per and its structure and the mags of 
the working fluid: water and steam. 
In southern regions where an open or 
semi-open layout of boiler equipment 
is allowed, the boiler structure should 
also withstand the wind load, and 
often, seismic loads. 

Figure 21.2 shows schematically a 
once-through boiler (type Il-57, D = 
= 1650 t/h) of the T-shaped layout 
mounted on a separato foundation. 
The boiler structure consists of vertical 
columns, horizontal beams and sup- 
port trusses, main beams, roof ceiling, 
ties, and stands. All elemonts of the 
structure are joined by welding. 

The number of supporting columns 
depends on the steam-gencraling ca- 
pacity of a boiler. Columns are usually 
mounted only at tho corners of the 
furnace and convective shaft. Additio- 
nal columns may be installed in high- 
capacity boilers having an appreciab- 
le width or depth. All columns are 
connected at the Lop by transverse be- 
ams or trusses. They increase the boi- 
ler structure stability, prevent the 
buckling of columns, and servo to 
support the drum (in drum-type boi- 
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Fig. 241.2. Structure of a once- 
through boiler type P-57 (D = ons 
1 650 t/h) with an indepondent 
foundation 
s--coluinn; (2— vertical truss; 3—hori- 
zontal truss; ¢—stand; 5—roof, 6— main 
beam; 7?—inclined ceiling plate: &— 
beam; 9—furnace frame; JO—ties: 11— 
shoe e 
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lers), heating surfaces, and the suppor- 
ting structures of stages. Additional 
stands and beams of smaller cross 
section are mounted to increase the 
structure rigidity and to fasten water 
walls, headers, hot-air ducts, etc. 
The columns of a boiler structure 
transmit substantial concentrated 
loads onto the foundation. The unit 
pressure on the foundation is decreased 
by providing supporting shoes at the 
lower ends of the columns. Metal con- 
sumption for a boiler structure de- 
pends on boiler capacity and may con- 
stitute 0.8-1.2 kg per kg of hourly 
steam-generating capacity. Supporting 
columns and beams are not heated by 
gases; this insures more favourable 
operating conditions of the metal and 











prevents substantial thermal stresses. 
Boiler structures are mostly made of 
carbon steels, such as Grade St. 3. 
Some less critical elements may be 
made of steel Grade St. 0. 

The introduction of gas-tight all- 
welded water walls (see Sec. 17.3) with 
lighter refractory setting has made it 
possible to substantially reduce the 
boiler mass (sometimes by 30-50%). 
A lighter boiler can thus be supported 
by the structures of the boiler room 
building. Tho drum and all heating 
surfaces of the furnace and convective 
shaft are suspended from heavy 
beams of the boiler room building roof 
and can freely expand downward. In 
this case, the boiler structure proper 
serves only to ensure the required ri- 
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Fig. 24.3. Structure of gas-tight boiler type P-67 (D = 2 650 t/h) combined with boiler 
room 


3—boiler room column; 2—working fluid to {st paas of the lower radiation section; Se arcing beams; 

4—suspended tubes (‘hat’ suspensions); 5—cross-piece; 6—stand; 7— truss for suspending furnace side walls; 

$—‘hot box’: 9—maln beams; 10—intermediate beam; 11—lower beam; 19—working fluid mixer; 13— 

working fluid to suspended tubes of front (rear) furnace wall; 14—ditto, of a side wall; 25—slag screen; 

16—discharge header of convective superheater, 17—discharge header of economizer, 18—suspension from 

intermediate beams; 19—suspended ‘cold’ tube; 20—suspended tubes of superheater and cconomlrer (coin- 
cident); 21—water walls of convective furnace shaft; 22—furnace water walls 


gidity and to fasten the boiler to the path (in supercharged boilers), and 
room building structures. In such de- carries stages and stairs. An example 
signs, the boiler structure ensures the of the boiler structure carried by the 
appropriate rigidity of welded water room building is illustrated in Fig. 
walls, absorbs the pressure in the gas 21.3. The boiler elements are suspen- 
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ded only from the main beams of the 
building and are not connected with 
the building walls, so that deforma- 
tions of the building are not trans- 
ferred to the boiler. The boiler ele- 
ments are suspended from the main 
beams by means of numerous suspen- 
sion ties. The heating surfaces are 
connected with the boiler structure 
and their temperature expansions 
should be ossentially of the same ma- 
gnitude to avoid temperature stresses. 
This is ensured by means of ‘hot’ 
suspensions which are made from tu- 
bes supplied with the working fluid at 
a temperature roughly equal to that 
in the corresponding heating surfaces. 
ln supercharged boilers, the pressure 
in the gas path is absorbed by horizon- 
tal beams spaced 2.5-3.0 m apart on 
all walls of the furnace, convective 
shaft and connecting gas ducts. These 
beams ensure proper rigidity of the 
boiler walls. 

Suspended structures make it pos- 


Fig. 21.4. Diagram of temperatu- 

re expansions (H, mm; J, mm) of 

elements of a boiler type 
ITGMP-204 (D = 2 650 t/h) 


Meaders of the bottom water wan, 

1 = 290; headers of water walls In 
Parting Joints, H, = 208; Ha = 1,0; lo- 
wer headers of the water wall in hori- 
zontal pas duct, H, = 70; upper bea- 
ders of water walls, H, = 33, lower 
headers of walter walis in the convectlve 
furnace shaft, H, = 200; headers of con- 
vective superheaters, H, = 29; econo- 
mizer headers, HW, = t45, Hy = 187; 
burners, His = 230, Hy, = 248, H> 
= 260; vertical tubes ol suspended tu- 
be wystem in horizontal gas duct, 
Hy, = 138, vertical tubes of furnace 
water walls, H,, = 248, His = 224, 
Hi, = 162, Hy, = 105; supporting 
plates on ‘hol’ suspensions, Hie = 247; 
common wind box of fumace, Ilis = 
= 422, i), = 02; headers of control sur- 
fare of rehrater, Heo = 119, tag = 8. 


Go = 105, Hn = 142, yy = 4, bay = 57 
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sible to dispense with separate boiler 
foundations, allow more space for 
mounting the auxiliary equipment, sa- 
ve much metal for the construction of 
the boiler structure, and reduce tho 
time of construction work. 

A boiler and its clements have defi- 
nite dimensions in the cold state and 
occupy certain positions in space. In 
the working ‘hot’ condition, their di- 
mensions and positions in space vary 
substantially. Thermal displacements 
are determined by the working tem- 
perature of the metal and the length 
of an clement from its fixed end. With 
the coefficient of thermal expansion of 
the metal equal to 0.012 x 10-3 m/K, 
certain boiler elements may expand 
by 300 mm or even more. 

Figure 21.4 shows the diagram of 
thermal expansions of elements in a 
suspended boiler type TGMP-204. All 
level marks relate to the cold state. 
Displacements have been calculated 
for temperatures of the metal in ope- 
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Fig. 21.5. Arrangement of burner 


Unit T in a port 
I—furnace wall; 2—porl finnge, 3— 
i seallng shecls; ¢— burner 
Unit I 
a 





ration. Vertical displacements are mar- 
ked by H’s and horizontal, by l's. In 
the example illustrated, horizontal 
displacements are marked only for the 
common box of the furnace, Ziu, and 
for the headers of the control stage 
of reheater, lo and £s. 

To avoid excessive thermal stres- 
ses, the structure of a boiler should 
have proper means to allow its free 
expansion on heating. A steam boiler 
is connected with its auxiliary equip- 
ment mounted externally of the boiler 
struclure (pulverizing plant, feed wa- 
ter pipelines, etc.). It is also connected 
by pipelines with the turbine. Pipe- 
lines usually allow free expansion of 
the boiler owing to their self-compen- 
sation. Exceptions are pulverizing 
plants with mill fans, which have no 
dust pipelines of appreciable length, 
but are connected directly to the bur- 
ners. In such cases, burner ports of a 
boiler are designed so as to move freely 
relative to the fixed burners and the 
gaps between them are sealed (Fig. 
21.5). 

‘Hot box'. In high-capacity boilers, 
a great numbor of Lubes and suspen- 
sions pass through the furnace roof to 
the outside, so that tight scaling of 
all of them is a problem. In such ca- 
ses, the roof is covered by a Light steel 
shell which receives hot air from the 
air heater; this forms what is called 
the ‘hot box’. Air pressure in a hot 
box is somewhat higher than the pres- 
sure of the combustion products at 


the furnace top, which prevents the 
leakage of combustion products to the 
outside, but increases somewhat air 
inleakage. 

The number of ‘passes’ from the hot 
box lo the outside is much smaller 
than through the boiler roof; they 
mainly inelude the external pipelines 
and suspensions of headers. These 
‘passes’ usually have silphon sealings. 

When a boiler is shut down for re- 
pairs, tho time for natural cooling of 
the hot box is as much as 20-30 hours. 
Cooling can be acceleraled by cold 
air blowing of the hot box. 

Boiler enclosures. Boiler enclosures 
are important clements of boiler plants 
and consume much of work and mate- 
rials for the manufacture. They have 
an essential effect on the conditions 
of operation of the furnace and con- 
veclive shaft. In high-capacity boilers, 
the enclosure mass is so large that it 
greatly influences the design of the 
boiler structure and foundation. 

In boilers of untight design, the en- 
closure is formed by continuous walls 
of ceramic materials, which isolate the 
gas path of the boiler from the sur- 
roundings. It is subjected to the 
action of hol combustion products 
which may carry ash, molten slag 
and unburned fuel particles. The en- 
closure is also subjected to pressure 
variations in the furnace (on flame 
break-off and fuel ignition). variable 
temperature stresses appearing on 
start-up and shut-down of the boiler, 
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stresses from temperalure displace- 
ment of other boiler elements, static 
loads from various structures above it, 
aud so on. The most dangerous are 
temperature stresses which appear on 
start-up and shut-down owing lo un- 
even heating of boiler elements, so 
that various compressive, tensile and 
shear stresses may appear in the en- 
closure. 

All these factors can hardly be con- 
sidered properly in the désign and 
construction of the enclosure. For this 
reason, reliable operation of the en- 
closure is ensured by sclecting the 
appropriate materials which can opce- 
rate under the heavy conditions indi- 
cated, and by certain design measures 
which can minimize the effect of 
these factors (composite enclosure, ex- 
pansion joints, expansion compensa- 
tors, etc.). The modern light enclo- 
sure of boilers has a mass of around 
850 kg/m?. The mass of enclosure re- 
lated to kg of hourly steam-generating 
capacity ofa boiler is usually 0.4-0.5 
kg or more. The enclosure of a high- 
capacity boiler consumes on the total 
more than 2000 t of ceramic mate- 
rials. The boiler enclosure should have 
a high refractoriness, high mechanical 
strength, proper tightness, possess he- 
at-insulating properties, withstand 
temperature stresses and resist the 
action of ash and molten slag. The 
enclosure design is heavily dependent 
on the tube system of the heating 
surfaces in the furnace and convective 
shaft. 

In modern power-station boilers, 
two types of enclosure are employed. 
The enclosure of the first type is atta- 
ched immediately to tubes (on-tube 
enclosure), i.e. to tubular water walls 
of the furnace and gas ducts. The se- 
cond type is made in the form of blocks 
or plates which are fastened to the 
boiler structure. Enclosure plates or 
blocks are manufactured industrially 
and mounted simultaneously with the 
boiler. The boiler enclosure consists of 
soveral layers: the first layer facing 
the gases and operating at temperatu- 
res of 1 500-41 800°C is made of a re- 
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Fig. 21.6. Types of enclosure in various por- 
tions of a boiler 


fractory material. Two or three layers 
beneath it, which operate at tempera- 
tures of 500-900°C, are made of heat- 
insulating materials. The outside sur- 
face of the enclosure is coated with 
gas-impermeable plaster (the allowa- 
ble temperature for plaster coating is 
400-200°C) or metal sheets. In gas- 
tight boilers with all-welded membra- 
ne water walls (sce Sec. 17.3), light 
heat insulation over the tubes is quite 
sufficient. 

In some boilers, the enclosure is of a 
combined type: plate enclosure in the 
prismatic portion of the furnace and 
on-tube enclosure in the dry-bottom 
hopper or inclined bottom. Enclosure 
blocks are suspended from roof beams 
of the boiler structure and can oxpand 
on heating together with the water-wall 
tubes. The two portions of tho enclo- 
sure form a temperature joint around 
the furnace periphery, which should be 
properly sealed to prevent air inleaka- 
ge (the horizontal plane J-J in Fig. 
24.6a). The enclosure of convective 
gas ducts is usually of the plate type. 
If the furnace has an on-tube enclo- 
sure, a vertical joint is provided at the 
entry from the furnace to the horizon- 
tal convective duct (I-II in Fig. 
24.66). In a number of designs, on- 
tube enclosure extends further into 
the convective duct and the tempera- 
ture joint is provided in a horizontal 
plane of the convective shaft (///-I/] 
in Fig. 21.6c). If the on-tube enclo- 
sure extends further into the convecti- 
vo portion of a boiler, the temperature 
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joint between it and plate enclosure 
oporates at a lower temperature and 
may be simpler in design and moro re- 
liable. 

Heat insulation. The boiler drum, 
headers, superheated steam, feed wa- 
ter and blow-down water pipelines, 
gas and air ducts, etc. are arranged 
beyond the boiler enclosure around 
the boiler, above the roof or along the 
boiler walls. These elements have a 
temperature of 200-600°C and are heat- 
insulated to protect the personnel 
against burns and minimize heat los- 
ses to the surroundings. By sanitary 
norms, the temperature on the exter- 
nal surface of heat-insulated elements 
must not exceed 55°C. A properly ma- 
de heat insulation can diminish heat 
losses by 95-97% compared with a 
non-insulated surface. In addition, 
heat insulation of drums, headers, pi- 
pelines and fittings improves the tem- 
perature conditions for the metal, sin- 
ce it decreases the temperature gra- 
dient across the wall, and therefore, re- 
duces temperature stresses. The exter- 
nal surface of heat insulation is made 
smooth and mechanically strong by 
applying cotton cloth and metallic 
casing or painting. Painting is also 
useful for marking various pipelines. 
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All heating surfaces of a boiler 
communicate with one another in the 
gas and steam-water path, thus for- 
ming a complex system. Lot us recall 
that the temperature of combustion 
products in certain points of the gas 
path and the temperature of water 
and steam in other points of the water- 
stoam path should be maintained with- 
in definite limits to attain the high- 
est efficiency and reliability. For 
instance, tho temperature of combu- 
stion products at the exit from the 
furnace is determined by the kind and 
characteristics of the fuol used (see 
Sec. 7.4). The temporature of waste 
gases is determined by technico-eco- 
nomical calculations (see Sec. 6.2). The 
tomperature in the reheater zone sho- 
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uld not exceed 850°C to avoid metal 
failure should steam supply to the re- 
heater be occasionally stopped (see 
Sec. 18.2). The reliability of the last 
banks of the superheater, which ope- 
rato under the most severe tempera- 
ture conditions, is determined at the 
specified steam parameters by the 
allowable temperature of tho superhe- 
ater metal, which defines the design of 
the superheater and its position in a 
particular temperature zone along the 
gas flow (see Sec. 18.3). To ensure sta- 
bility of hydrodynamic processes in 
intensively heated elements of once- 
through boilers, those elements must 
not be fed with a two-phase mixture. 
For this reason, the convective econo- 
mizer should supply them with water 
of a certain degree of subcooling, rather 
than with a steam-water mixture, i.e. 
it must be of the non-boiling type 
(seo Sec. 11.2). At supercritical pres- 
sures, reliable operation of heating 
surfaces in the zones of high heat ca- 
pacity of the working fluid imposes 
specific requirements for their posi- 
tioning in the furnace. For subcritical- 
pressure boilers, the transition zone, 
in which scale deposition is mainly 
concentrated, should be arranged in 
the zones of moderate hoating. The 
hot air temperature, which is deter- 
mined by fuel characteristics, is es- 
sential for the selection of a particu- 
lar type of air heater (see Sec. 19.3). 

Thus, thero is a system of limiting 
conditions, or reference points, for the 
temperatures of particular heating sur- 
faces. Selection of these points means 
essentially the distribution of enthal- 
py increments between these heating 
surfaces and optimal positioning of 
these surfaces in tho flow of combus- 
tion products, i.e. it means selection 
of the thermal diagram of a boiler. 

The thermal diagram of a boiler is 
the schemo of arrangement of the he- 
ating surface banks along the gas 
flow and of arrangoment of their pipe- 
lines. Two conditions are important 
for this selection: the working fluid 
at a higher temperature should be 
swept by the combustion products also 
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Fig. 21.7. Thermal diagram of a 
drum-type pulverized coal-fired 
boiler i 


1— evaporating beating surfaces (fur- 
nace water walls); 2—platen superhea- 
ter; 3 and 4—hot and cold stage of 
convective superheater; 5 and 7 —2nd 
and ist stago of economizer; 6 and s— 
2nd and ist stage of tubular alr heater 


at a higher temperature, so as to main- 
tain a high temperature gradicnt; it is 
advisable to employ counter-current 
flow of the working fluid and com- 
bustion products where possible. Tho- 
so conditions, however, are not always 
properly satisfied. For instance, the 
heating intensity of radiant heating 
surfaces arranged in the burner zone 
may be enormous, resulting in the low 
reliability of metal operation. For 
this reason, the heating surfaces to be 
arranged in such zones have a low 
temperature of the working fluid 
(preheating and evaporating surfaces 
and ‘cold’ superheater banks), while 
the last superheater banks are moun- 
ted in the zones of moderate tempera- 
tures of combustion products. 

With a high heat absorption of par- 
ticular heating surfaces (most often of 
superheaters), to enhance their reli- 
ability the heating surfaces are divi- 
ded into a number of successively con- 








nected sections, which diminishes the 
maldistribution of heat and ensures 
better intermixing of the flow (see 
Figs. 18.10 and 18.11). 

In high-capacity boilers, the heat 
absorption by the water walls in the 
furnace is insufficient, which has led 
to the appearance of platens (see 
Sec. 7.4) and curtain walls (see Sec. 
18.1). They diminish the temperature 
of combustion products at the furnace 
exit to the required level. 

The superheated steam path in very 
powerful drum-type boilers and the 
entire water-steam path in once-thro- 
ugh boilers are made in the form of a 
number of individually controlled 
flows. For convenience of control, the 
number of flows is usually two or four. 
Separation of the water-steam path 
into flows diminishes the non-unifor- 
mity of heat distribution across the 
boiler width and permits of using tu- 
bes of smaller diameter, but makes the 
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boiler plant design more complicated 
and expensive, increases the number 
of fittings, and complicates automatic 
control. 

Let us consider as examples the 
thermal diagrams of a drum-type and 
once-through boiler. The drum-type 
boiler (Fig. 21.7) has two stages of air 
preheating and accordingly two stages 
of heating the feed water which is 
fed to the drum from the second eco- 
nomizer stage. The evaporating water 
walls are arranged on the furnace 
walls and together with unheated 
downtake tubes form circulation cir- 
cuits. Saturated steam separated in 
the drum is fed into the superhea- 
ter which consists of a radiant sec- 
tion and platens connected in series 
along the steam path and of two 
convective banks connected by a mi- 
xed scheme, with the outlet bank ar- 
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Fig. 21.8. Thermal diagram of a once- 
through gas and fuel oil fired boiler 


I—lower radiation section; 2—medlum ra- 
dintion section; 3—upper radiation section; 
4—ist platen superheater; 5—2nd_ platen 
Buperheater; 6-—convective superheater; 7 
and &—hot and cold reheater stages; p— eco- 
tomlzer, 10--regenerative air heater 


ranged in the zone of a higher tempe- 
rature. Water spraying to control the 
temperature of superheated steam is 
not shown in the diagram. The ordi- 
nates of the diagram (vertical hatch- 
ing) give the temperature gradients in 
particular heating surfaces. As may be 
seen, they decrease significantly along 
the gas path. 

In the once-through boiler whose 
thermal diagram is illustrated in 
Fig. 21.8, there is one stage of air pre- 
heating in an oxternal regenerative air 
heater and one stage of foed water 
heating in the economizer. Preheated 
water is fed into the lower radiation 
section of the! boiler from where it 
flows into the medium radiation se- 
ction, the first bank of the platen su- 
perheater, the upper radiation scction, 
the second bank of the platen super- 
heater. and the convective superheater 





which delivers the superheated steam 
of specified paramoters. There are two 
waler-spray means Lo control tho tem- 
perature of Jive steam. Steam reheating 
is effected in two reheater banks con- 
nected by a mixed scheme and arran- 
ged in the convective shaft. Means for 
controlling the temperature of rehea- 
(ed steam are not shown in the diag- 
ram. 
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Aims and methods of heat calcula- 
tion. One should distinguish between 
a design heat calculation and check 
calculation of a boiler, which differ 
from each other in their aims and the 
quantilies to be determined. 

Design calculation is undertaken in 
order lo determine the dimensions of 
the furnace and other healing surfaces 
which can ensure the raled steam-ge- 
neraling capacity for the specified 
steam parameters and the desired ef- 
ficiency and reliability of a boiler 
plant which uses a particular fuel and 
is fed with the foed waler of a given 
temperature. The results of the design 
calculation are further used for 
strength calculation and the selection 
of materials for particular boiler ele- 
ments, hydraulic and aerodynamic cal- 
culations, and the selection of auxi- 
liary equipment. 

Check calculation is carried out for 
an existing or a design boilor. It is 
done for the given dimensions of the 
healing surfaces and the given chara- 
cteristics of the fuel and detormines 
the Lemperatures of tho working fluid, 
air and combustion products at the 
boundaries between the heating sur- 
faces. Check calculation is also made 
when the temperature of feed walter or 
superheated steam varies or a boiler 
changes over lo another kind of fuel. 
An object of check calculation is to 
determine the thermal characteristics 
of a boiler and the possibilities for 
its control. In the design calculation, 
the dimensions of particular heating 
surfaces (say, of platens) can bo cho- 
sen from the considerations of thoir 
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Fig. 21.9. Calculation diagram of a drum- 
type boiler 


i—evaporating heating surfaces (furnace water 

walls): 2—roof superheater; 3—platen superheater; 

4—suspended tubes, $ -convective  superheuter: 
6—econumizer,; 7—air beater 


arrangement in the boiler. [n this 
caso, a check calculation should then 
be made for these surfaces. Check cal- 
culation can estimate the efficiency 
and reliability of a boiler, provide da- 
ta for recommendations on the boiler 
reconstruction and the initial data for 
hydraulic, aerodynamic and strength 
calculations. 

The meothodics of heat calculations 
of boilers are standardized [20]. 

Design heat calculation of a drum- 
type boiler. The procedure of the cal- 
culation will be demonstrated for the 
boiler shown in Fig. 21.9. First, we 
have to establish the theoretically 
required quantity of air and combu- 
stion products. The actual volumo of 
air and combustion products in the 
furnace and gas ducts is calculated by 
considering the organized air supply 
to the furnace and air inleakages in 
the boiler of this particular design 
(with balanced draft). Then, the en- 
thalpies of combustion products and 
air are determined. After that the 
heat balance of the boiler is calcnla- 
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ted, from which we find the heat losses 
Gey 93. Gas q5, ANd Qa, gross efficiency 
and fuel consumption. 

The furnace is calculated as given 
in Sec. 20.3. Assuming the allowable 
heat release rate per unit area qy, 
MW/im?, we find the cross-seclional 
area of the furnace. The total surface 
area of furnace walls F is determined 
fer the selected temperature at the 
furnace outlet 0;. The last stage of 
the calculation is to check that the 
heat release rate per unit volume qy 
is within the specified limits and that 
the assumed thermal efficiency p does 
not differ greatly from the calculated 
value (the allowable discrepancy is 
Ap = +0.05). 

Calculation of the heat exchange in 
the furnace should consider the heat 
absorbed by the platens (heating sur- 
faces arranged at the furnace outlet) 
and by the radiant superheater section 
on the roof. Therefore, the dimensions 
of the platens and radiant superheater 
should be known before the calcula- 
tion, Further, we determine the quan- 
tily of heat absorbed by the platens 
due to radiation from the furnace and 
to heat exchange within their zone, 
Qp:, and can then find the temperature 
of combustion products behind tho pla- 
tens, Op Having considered tho heat 
absorplion by suspended tubes in the 
boiler, Q,;, we can determine the tem- 
perature of combustion products before 
the convective superheater banks, za. 

The remaining heat of the combu- 
stion products (upon their passage 
through the furnace, platens and ra- 
diant superheater) should be distribu- 
ted between the convective heating 
surfaces of the steam-water path and 
the air heater. This heat is first distri- 
buted between the heating surfaces for 
which the inlet and outlet parameters 
of the working fluid are known or ha- 
ve been assumed. Thus we can find 
the quantity of heat that must be 
transferred to the superheater, Qasa, 
to obtain the specified steam parame- 
ters (Dan; Pas, and t.s) and the quan- 
tity of heat to be given up in the air 
heater, Qan (to obtain Vaa and tra). 
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The rest of the heat should be allo- 
cated to the economizer for which the 
outlet parameters of water are not 
specified. Upon finding the quanti- 
ties of heat transferred to the super- 
heator and air heater, we can determi- 
ne the enthalpies and temperatures of 
combustion products before and after 
the economizer. 

The distribution of heat between 
the healing surfaces is then checked by 
the heat balance equation: 


Qasr = (Q; i Ont + Qan 


100 — q4 


+ Qee) — (21.1) 


The discrepancy in the balance sho- 
uld not be more than +0.5% of the 
available heat Q¥,. If the chosen heat 
distribution between the heating sur- 
faces is correct, wo can go further to 
the design calculation of the super- 


heater, economizer and air heater 
following the instructions given in 
Ch. 20. 


Design calculation of a once-through 
boiler (sce the diagram in Fig. 21.10). 
In once-through boilers, there are no 
definite zones of the particular states 
of aggregation of the working fluid. 
This circumstance should be properly 
considered when determining the zones 
of phase transition of the working 
fluid. 

For the reliable operation of steam- 
generating tubes in tho boiler, the 
convective economizer should bo of 
the non-boiling type (see Sec. 11.2), 
and therefore, a portion of the tube 
system in the furnace will operate as a 
radiant economizer (the inlet portion 
of the lower radiation section). In the 
boiler design considered (Fig. 21.10), 
the remaining portion of the lower ra- 
diation section functions as steam-ge- 
nerating tubes (at subcritical pressu- 
re). Steam superheating takes place 
in the top portion of the furnace (the 
upper radiation section), platens and 
convective superheater. The fixed va- 
lues of the enthalpies in the reference 
points of the steam-water path allow 
us to dotermine tho hoat ahsorptions 
by the cconomizer surfaces and the lo- 
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Fig. 24.10. Calculation diagram of a once- 
through hoiler 


I—lower radiation section; 2—upper radiation sec- 

tion; s—platen superheater; 4—convectlve super- 

heater; 5—convective reheater; 6—~-cconomizer; 
7—nir heater 


wer and upper radiation sections, the 
remaining heat being distributed bet- 
ween the platens and convective hea- 
ting surfaces. 

As the working fluid moves along 
the water-steam path, its pressure 
decreases to a specified value at the 
outlet. The total pressure loss in the 
path is estimated as Ap = (0.2-0.3)pa., 
where p,, is the superheated steam 
pressure, and can be corrected when 
needed by the hydraulic calculation. 

The initial stage of the heat calcu- 
lation, including the determination of 
heat losses and fuel consumption and 
tho calculation of heat oxchango in 
the furnace, is done following the same 
procedure as given earlier for the drum- 
type boiler. 

The heat distribution between the 
heating surfaces is checked by the heat 
balance equation: 


QaoNer = (Qee+Qiret+Qurat Qn +Qzn) 
(21.2) 
The discrepancy should not exceed 


+0.5% of the available heat. Further, 
tho design heat calculation of the par- 
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ticular heating surfaces is carried out 
by the methods given in Ch. 20. 
Check calculation of steam boiler. It 
is typical for tho check calculation 
that there are no available data on the 
temperatures of waste gases (and the- 
refore, on g4). For this reason, one 
cannot determine tho boiler efficiency 
and fuel consumption before the cal- 
culation. Without them, however, it 
is impossible to calculate further the 
furnace and convective heating sur- 
faces. Thus, wo have to assume the 
temperature of the waste gases ty, 
and that of the superheated steam żt,,. 
Upon making the heat calculation, 
these temperatures must be checked 
and corrected, after which we can 
find ngr and B. Thus, the check cal- 
culation is made by the method of 
successive approximations. With ngr 
and B being known and assuming a 
value of taa, we can begin the calcu- 
lation of the furnace and all the hea- 
ting surfaces. In the calculation of 
the furnace, we have to determine the 
actual temperature of combustion pro- 
ducts at tho furnace outlet, 0). We 
first assume this temperature to per- 
form the calculation and then correct 
it by formula (20.34). If the discre- 
pancy is too high, the calculation is 
repealed for a new assumed value of 
6). The convective heating surfaces 
are calculated by tho found tompera- 
tures (and enthalpies) of combustion 
products at the inlet to a particular 
surface and one of the known enthal- 
pies of the working fluid (either at the 
inlet or at tho outlet of that surface). 
Thus, among four sought-for quanti- 
ties, two are usually known and the 
calculation of particular convective 
heating surfaces is done by the succes- 
sive approximation method, presetting 
tho value of Q, for the gases or the 
working fluid and then comparing it 
with the calculated heat absorption 
Q; (see Sec. 20.5). For the last heating 
surface in the gas path (air heater), 
the temperaturo of gases at the inlet is 
already known: Qan = Ox. We also 
know wg (it has been preset earlier). 
With @;. found from the check calcu- 
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lation and with Lhe known value of 
Qanı We can determine Ùuyg and com- 
pare it with the assumed value. The 
calculation is considered to he comple- 
ted if Lhe two values of @,,, differ by 
nol more than +10 deg C and the va- 
lues of tna by not more than +40 deg C. 
Otherwise, the calculation is repeated 
for a now assumed value of Dwg. 
A serious inconvenience of the succes- 
sive approximation method is that the 
calculation for a particular healing 
surface must be done more than once 
to properly match the values of Q; 
and Q,. It can he substantially faci- 
litated by using electronic computers. 

Computer calculation of a boiler in- 
volves a laborious work for developing 
the mathematical means, model, algo- 
rithm and program of the heal cal- 
culation. 

A developed mathematical model of 
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a steam boiler is essentially an inter- 
related system with three levels. The 
lower level includes computation units 
for particular healing surfaces (furna- 
ce, platens, convective surfaces, air 
heater). The medium level is a sub- 
system Lhat determines the computa- 
tion procedure for particular surfaces 
and their interrelations (along the gas 
and working fluid paths, injection li- 
nes, recirculation, etc.). The third 
(upper) level is a sub-system for the 
stabilization and optimization of the 
calculation. 

An accurale check heat calculation 
of a boiler is only possible in large 
high-speed computers possessing a lar- 
ge capacity of the external and on-line 
memory; in that case the machine ti- 
me of compulation is around 10 mi- 
nules. 


STEAM BOILERS 
OF HIGH-CAPACITY MONOBLOC UNITS 


22.1. Selection of Boiler Design 
According to the Type, Capacity 
and Operating Conditions 

of Power Station 


The principal trend in the develop- 
ment of thermal power stations is the 
application of monobloc (boiler-tur- 
bine) units whose capacity is steadily 
increasing. Monobloc units for a capa- 
city of 300 MW with boilers produ- 
cing 950-1 000 t steam per hour have 
been mastered. 500- and 800-MW 
units with single-housing boilers of a 
steam-gencrating capacily respective- 
ly of 1 650 t/h and 2 650 t/h have be- 
en constructed and put into service. 


A recent achievement is a monobloc 
unit for a capacity of 1 200 MW with 
the boiler producing 3 950 L steam per 
hour. 

As the unit capacily of steam boi- 
lers and especially of steam turbines 
increases, the unil capital cost (the 
cosl of 1 kW of installed power) de- 
creases noticeably; the staff coeffi- 
cient (the number of personnel per 
unil power) decreases, too. This re- 
duction however is substantial only 
for the power stations of the capacity 
up to 34 min kW and becomes less 
essenlial for higher capacities (Fig. 
22.1). On the other hand, as the ste- 
am-generating capacity of boilers in- 
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Fig. 22.1. Unit capilal expenditures depend- 
ing on power station capacity and unit power 
of plants 


creases, Lhe problem of reliability be- 
comes more important. This should 
be quite clear, since boilers of higher 
capacity have more heating surfaces 
operaling at supercritical or high pre- 
ssures; accordingly, they havea greater 
total length of tubes and a larger num- 
ber of welded joints which are pro- 
bable points of emergency situations. 
Another probable cause of emergency 
siluations is an elevated non-unifor- 
mity of heat distribution. 

Maintaining the reliability of po- 
werful monobloc units at the level al- 
ready achieved in the existing smal- 
ler units presents a rather difficult 
problem. It places more rigorous re- 
quirements upon the quality of manu- 
facture and the servicing of steam 
boilers. 

An increase of the unit power of 
monobloc units is associaled with an 
increase in the boiler and turbine di- 
mensions. A pulverized-fuel fired bo- 
iler for an 800-MW unit may have a 
height up to 90 m or even more, which 
requires a corresponding increase in 
the height of the boiler room building. 
With a greater cross-sectional area 
of the boiler furnace and gas ducts, it 
is more difficull to properly organize 
the aerodynamics of gas flows. There 
are additional difficulties in the moun- 
ting and operation of high-capacity 
boiler equipment. 

With the traditional design of the 
boiler heating surfaces and the con- 
vectional technology of their mamu- 
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facture, there is a design barrier, as 
it were, which makes further growth 
of the boiler unit capacity problema- 
lic. A way oul is to intensify heal ex- 
change in the heating surfaces. The 
preliminary work has been carried 
oul in modern metallurgy and boiler 
making to start the mass production 
of intensified profiles of heating sur- 
faces which can change radically the 
design of particular boiler elements 
and the entire boiler plant. This can 
solve the problem of decreasing the 
boiler dimensions and increasing the 
reliability and efficiency of boilers. 
{nlensified heating surfaces of boilers 
are finding ever wider application. 

An increase of the unit capacity of 
monobloc units is usually associaled 
with an increase of the capacity of 
power slations, and therefore, wilh a 
lower unil capital cosl and accelera- 
ted rate of construction. As the capa- 
cily of thermal power slations increa- 
ses, lhe effect of reduced unil capital 
cost becomes less pronounced (Fig. 
22.1). 

The efficiency of a monobloc unit 
and thermal power station depends 
substantially on the initial steam pa- 
rameters. An increase in steam para- 
meters involves, however, conside- 
rable technical difficulties. The pos- 
sibility for increasing the temperatu- 
re and pressure is determined, in the 
first place, hy the availability of spe- 
cial steels which can operate reliably 
at higher parameters of superheated 
steam. 

Pressure is one of the basic steam 
parameters and is decisive for the 
selection of the boiler type. At sub- 
crilical pressures, boilers of any type 
can principally be employed: once- 
through, drum-type with a gravity 
circulation or drum-type with a mul- 
tiple forced circulation. The last ty- 
pe has found no wide use in the USSR, 
At thermal power stations for subcri- 
tical pressures, natural-circulation 
drum-lype boilers are usually em- 
ployed. The driving circulating head 
decreases with increasing pressure, 
so that the highest pressure in the 
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drum is established at the level of 
17 MPa so as to ensure reliable 
circulation. A higher pressure may 
cause a loss of reliability. This limit 
can be raised somewhat by using boi- 
ler tubes with internal helical fins 
(rifled tubes) which incroase turbuli- 
zation of the fluid at tho tube walls. 

The decisive effect of pressure on 
the selection of the type of boiler is 
limited by the monobloc capacity. 
With a very high capacity of monobloc 
units, the cost of the drum, which is 
the most expensive and metal-con- 
suming clement of a drum-type boiler, 
becomes too high. For instance, the 
mass of the drum for a 500-MW boiler 
plant may be as high as 200 t, which 
involves considerable difficulties in 
mounting and operating the boiler. 
For this reason, the capacity of mono- 
bloc units with drum-typoe boilers for 
supplying base loads does not usually 
exceed 400-500 MW. At supercritical 
pressures, the sole solution is the use 
of once-through boilers which are now 
built for the unit capacities up to 
4000 t'h (for 1 200-MW monobloc 
units). 

The superheated steam temperatu- 
re is even more important than pres- 
sure for the selection of the boiler de- 
sign and especially that of the super- 
heater (sec Fig. 18.12). 

For the same steam temperature, 
the metal temperature of the superhea- 
ter tubes is higher than that in the pi- 
peline and tho difference depends on 
the heating intensity. The usual trend 
in the design of superheaters is to use 
various steel grades in the superheater 
proper and in tho pipelines which con- 
nect the superheater sections and the 
boiler with the turbine, so as to mini- 
mize the cost of metal and ensure the 
required reliability. 

When selecting the parameters of 
superheated steam, it should bo taken 
into consideration that the cost of me- 
tal in the superheater and pipelines 
increases with an increase in tempera- 
ture (Fig. 22.2). This increase in the 
cost may be different and depends on 
the temperature zone where the metal 
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Relative cost of 
heating surfaces 





400 450 500 550 500°C 
Fig. 22.2. Relative cost of heating surfaces 


as a function of nominal wall temperature 

(thezcost of steel Grade 20 (0.25 C) at a wall 

temperature of 450°C is taken as unity) and 

temperature ranges a} application of various 
steels 


Kbi8Ni2T—18Cri0NI-T; 12KhMF—0,12C-Cr-Mo- 
V; St26—0.25C 


operates. For instance, a change from 
pearlitic low-carbon steel to low-allo- 
yed steel of the same class in the tem- 
perature zone of 450-550°C involves no 
substantial increase in the cost of the 
superheater, since the low-alloyed ste- 
el has a higher strength, and therefo- 
re, superheater tubes may have a smal- 
ler wall thickness. Pearlitic steel can 
however operate reliably only at tem- 
peratures up to 580-585°C (the steam 
temporature 545°C). At higher tem- 
peratures, more alloyed austenitic ste- 
els must be employed which are much 
more expensive (5-8 times) and thus 
greatly increaso the capital expenditu- 
res. On the other hand, within the 
temperature limits of the applicability 
of a particular steel grade, an increase 
in temperature causes only a slow rise 
of capital expenditures (due to a de- 
creased allowable stress and increased 
metal consumption). For this reason, 
it is quite important to ensure a high 
coefficient of heat transfer at tho ste- 
am side of the superheater, especially 
in its hot bank and radiant section, so 
as to lower the metal temperature. 
In view of the possibilities offered by 
pearlitic stecls, new boilers are desig- 
ned for a steam outlet temperature of 
560°C at a subcritical pressure of 
14 MPa (drum-type boilers) or 545°C 
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at a supercritical pressure of 25.5 MPa 
{once-through boilers). , Steam tem- 
perature behind tho reheater is usual- 
ly taken at the level of tho temperatu- 
re of live steam or slightly higher 
(545-565°C), since the pressure in the 
reheater is significantly lower. 

The kind and quality of fuel have 
an essential effect on the boiler de- 
sign. Fossil solid fuels are characteri- 
zed by the presence of ash. The compo- 
sition and temperature characteristics 
of ash determine the method of fuel 
combustion and slag removal. They 
also should be considered when selec- 
ting the temperature of combustion 
products at the furnace outlet. This 
temperature should be selected so as 
to form granulated ash particles in 
the convective gas ducts and thus 
avoid the slagging of the heating surfa- 
ces. With a higher temperature at the 
furnace outlet, water walls in the fur- 
nace may have a smaller area, and 
therefore, the furnace may be smaller. 
On the contrary, a lower temperature 
of the combustion products at the fur- 
nace outlet requires an extension of 
water walls and an increase in the di- 
mensions of the furnace and heating 
surfaces of the boiler plant, since 
the convective surfaces will operate 
at reduced temperature gradients. 

The velocity of combustion pro- 
ducts in convective gas ducts must be 
limited to avoid quick wear of the 
healing surfaces by ash; this is asso- 
ciated with a reduced intensity of 
heat exchange, which necessitates an 
increase in the area of heating surfa- 
ces and the metal consumption. A de- 
crease in the velocity of combustion 
products, especially in high-capacity 
plants with high flow rates of fuel 
and combustion products, requires an 
essential increase in the cross-sectio- 
nal area of gas ducts, which may lead 
to a high non-uniformity of veloci- 
ties and temperatures of gas flows and 
poor reliability of the boiler. This al- 
so makes the boiler design more com- 
plicated. A way out is to use a more 
intricate and heavy T-shaped boiler 
layout (see Fig. 21.18). 
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In gas and fuel-oil fired boilers, the 
heating surfaces are not subject to 
wear by ash, which makes it possible 
to increase the velocity of combustion 
products and intensify the operation 
of the heating surfaces. Thus, fuel- 
oil fired boilers are more compact than 
those operating on pulverized coal. A 
change to fuel oil or gas can raise the 
reliability and efficiency of a boiler 
plant. Since mineral impurities (ash) 
are present in fuel oils only in low 
concentrations and are not contained 
in natural gas, one can choose the 
optimal and economically most fa- 
vourable (or close) temperature at 
the furnace outlet to minimize the 
cost of boiler; this temperature will 
be much higher than the temporature 
in pulvorized-coal boilers to prevent 
the slagging of heating surfaces. For 
gas and fuel-oil fired boilers this tem- 
perature is usually taken to be 1 250°C. 
With such a high temperature of com- 
bustion products at the furnace out- 
let, the fraction of radiant heat ex- 
change in tho furnace is not high and, 
since the conditions of fuel combus- 
tion allow a higher heat release rate in 
the furnace volume, it is possible 
to decroase the total area of water 
walls, and therefore, the dimensions 
of the furnace, in particular, its 
height. 

A high temperature of combustion 
products in the convective gas ducts, 
in combination with a higher allowa- 
ble velocity (to avoid wear of heating 
surfaces), makes it possible to inten- 
sify heat transfer and heat absorption 
and thus to diminish the cross-sectio- 
nal area of gas ducts and thus the di- 
mensions of the boiler plant. 

In the combustion of high-sulphur 
fuel oils, the metal of heating surfa- 
ces in tho gas path may be subjected 
to corrosion under appropriate condi- 
tions. The principal method for pre- 
venting high-temperature corrosion is 
to maintain the temperature of the 
heating surface walls below 600°C. 
Low-temperature gas corrosion is pre- 
vented by raising the temperature of 
air at tho inlet to the air heater and 
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Fig. 22.3. Daily load curve of a power system 


by using corrosion-resisting malerials 
and protective coatings. These meth- 
ods have been described in Ch. 19. 

Power engineering is the sole branch 
of national economy where the final 
product is not stored, but consumed 
completely just as il is produced. This 
specific feature defines the interrela- 
tion between the operating modes of 
energy-producing systems and energy 
consumers. This determines one of the 
principal problems: organization of 
the optimal conditions for operation 
of electric power systems, power sta- 
tions and their equipment. 

The total power developed at a par- 
ticular moment*by all plants of a sys- 
tem is called the system load. Figure 
22.3 shows a curve of daily electric 
load of a power system which includes 
all ils consumers: industrial and agri- 
cultural plants, electric transport, il- 
lumination and appliance loads. Peaks 
of the load curve are due to uneven 
operation of industrial enterprises, 
transport, illumination, etc. 

As regards the loading coefficient 
and the utilization of installed power 
of monobloc units, they may operate 
to supply a base load, i.e. to operate at 
their rated capacily for 6 000-7 500 
hours per year (Tmax *= 6 000- 
7 500 h), a semi-peak load with Tmax = 
= 2 000-4 000 h, or a peak load with 
Tmas less than 2 000 h. Large monobloc 
units for supercritical pressures usual- 
ly supply a base load and are not sui- 
ted well for load variations. On the 
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other hand, manoeuvring units, i.e. 
those for supplying semi-peak and 
peak loads, are characterized by a low 
time of utilization of the installed 
power and an elevated speed of start- 
up. Subcritical-pressure plants are 
more suitable for supplying semi-peak 
and peak loads than those operating al 
supercritical pressures. 

Monobloc units for supercritical 
pressures require a longer lime for 
boiler firing and heating up of pipe- 
lines and greater heat consumption 
for start-up. They are less convenient 
for control. Their valves and fitting 
are worn more rapidly, especially with 
frequent start-ups, and the metal is 
more liable to develop high thermal 
stresses owing to often load variations 
at the high pressure. 

For the European terrilory of the 
USSR, suberitical-pressure units of 
the capacities up to 500 MW are recom- 
mended for suppling semi-peak and 
peak loads. Steam reheating is often 
employed in order to avoid erosion 
of turbine blades in the last stages, es- 
pecially at variable load conditions, 
though this makes the plant more ex- 
pensive. 

For the reliable operation of pear- 
litic steels under semi-peak and peak 
load conditions, the temperature of li- 
ve and reheated steam can be taken 
equal to 530-535°C. To prevent erosion 
in the last stages of the turbine, the 
lower limit of superheated steam tem- 
perature is 480-500°C. As a result, the 
steam lempcrature of 510°/510°C turns 
oul to be the most preferable from the 
considerations of minimizing the me- 
tal consumption in the superheater 
and decreasing the Lime and cost of 
start-ups. 

When selecting the initial pressure 
of steam, it should be remembered 
that pressures of 13 MPa and 16 MPa 
ensure roughly the same economic ef- 
ficiency characteristics. The manoeu- 
vrability of the power units at these 
pressures is also roughly the same. 
In view of the positive experience of 
operation of sleam-turbine plants at a 
pressure of 13 MPa, it is advisable to 
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design manoeuvring power unils for 
the same inilial pressure. 

The experience of operation of high- 
capacity high-pressure drum-type bo- 
ilers in the power units for100-200 MW 
has revealed that cracks of corrosion- 
fatigue origin form in the boiler drum, 
which appeared due to non-uniform 
temperature fields at variable load 
conditions. In the boiler drums of mo- 
re powerful units (500 MW), where the 
drum has larger dimensions‘and thick- 
er walls, the danger of high tem- 
perature non-uniformity and tempe- 
rature stresses is higher, especially at 
varying operating modes in which the 
equipment is shut down and slarled up 
too frequently. In once-through boilers 
there are no such heavy metal ele- 
ments as the drum; they are lighter 
and can be shut down and started up 
more quickly. For this reason, once- 
through boilers are recommended for 
power units which supply semi-peak 
and peak loads. 

A manoeuvrable steam boiler 
should be compact and the mass of me- 
tal and other materials in il should be 
as low as possible. With a lower mass, 
less time is needed for a change from 
one thermal stale (mode) to another. 
This condition is more easily met in 
fuel oil-fired boilers which also have a 
wider range of operating loads in which 
fuel combustion can be efficient and 
stable. 

Since peak-load boilers are in ope- 
ration only a limited number of hours, 
they are made less expensive by redu- 
cing the consumption of metal for the 
low-temperature heating surfaces; in 
this case the temperature of waste ga- 
ses is Laken to be 160-180°C. 

For more convenient maintenance, 
all heating surfaces of a manoeuvring 
boiler should be drainable, because of 
which the convective elements are 
made with the horizontal arrangement 
of tubes. 

The working fluid in once-through 
manoeuvring boilers has an elevated 
mass velocity which ensures proper 
cooling in a wider range of loads and 
reliable operation of a boiler at low 


loads. Recirculation of the working 
fluid in water walls by means of re- 
circulation pumps can also serve the 
same purpose. 
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Most supercritical-pressure once- 
through boilers at thermal power sla- 
tions operate in monobloc units of a 
capacity of 300 MW or more. There are 
a number of once-through boilers for 
subcrilical pressures which are instal- 
led in 150-200-MW monobloc units, 
but their manufacture has been discon- 
tinued. 

The high-capacily once-through bo- 
ilers produced in the sixties were 
mainly of the two-housing scheme, i.e. 
in the form of two symmetrical hou- 
sings consliluling a double-bloc Loge- 
ther with the turbine. A double-bloc 
can operate al a load half of the nomi- 
nal with one of the boiler housings 
shut down. The experience of opera- 
tion of the double-bloc plants has re- 
vealed no essential advantages over 
the single-housing type. On the other 
hand, their disadvantages (more in- 
tricate layouL, greater number of flows 
of the working fluid, and greater num- 
ber of valves and fittings) make them 
less convenient in exploitation. Their 
manufacture has been abandoned in 
favour of single-housing steam boilers 
for monobloc units. 

Single-housing boilers for 300-MW 
monoblocs have a prismatic (open) 
furnace wilhoul constriction, which 
makes it possible to reduce the average 
heating intensity of water walls in 
the flame core zone to a safe level. The 
same object is achieved by the recir- 
culation of combustion products which 
are taken al a relatively low tempera- 
ture from the convective gas duct (usu- 
ally downstream of the economizer) 
and supplied by the recirculation fan 
into the furnace. This decreases the 
heat absorption in the lower radiation 
section, which is favourable for stabi- 
lizing temperature conditions of the 
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water walis and decreasing high-tem- 
perature corrosion. Fuel is burned at 
the minimal excess air ratio which is 
effective for combatting low-tempora- 
ture corrosion and preventing fouling 
of the heating surfaces. 

Recently, steam boilers with gas- 
tight enclosures have found wide ap- 
plication. The principle of gas tight- 
ness can be more easily realized when 
the water walls are made from verti- 
cal sections with a single-pass flow of 
the working fluid. 

Gas-tight water walls substantially 
increase the economic efficiency and 
reliability of boiler plants. The prin- 
cipal advantages of gas-tight boilers 
are as follows: there are no air inlea- 
kages into the furnace and gas ducts 
(and therefore, qa is lower); the boiler 
plant consumes less auxiliary power 
for the transport of air and combusti- 
on products; combustion can be orga- 
nized under the optimal conditions 
with the least excess air ratio, which 
prevents low-temperature corrosion 
and fouling of the heating surfaces 
(in combustion of high-sulphur fuel 
oil, this also prevents high-temperature 
corrosion); heavy refractory set- 
ting is replaced by light heat insula- 
tion (this decreases heat losses, 
shortens the time for start-up and shut- 
down, and reduces the mass of the boi- 
ler structure and foundation); slag 
and soot can be more easily removed 
from the furnace by water washing of 
the water walls without risk to dama- 
ge the lining. 

Supercharging places a number of 
additional requirements on the boi- 
ler design: the single-housing schome 
should be preferred so as to diminish 
the unit surface area of expensive gas- 
tight walls; all-welded gas-tight wa- 
ter walls serve as the enclosure of the 
furnace and gas ducts; the number of 
individually controlled flows of the 
working fluid is smaller, and therefore, 
there are fewer points of passage of the 
tubes through gas-tight walls which 
must be properly sealed; the furnace 
chamber has a narrower front, but 
greater depth and height (to reduce 
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the number of successively connected 
water wall sections which must be 
welded together by their sidos); the 
temperature difference between the 
welded sections is decreased due to re- 
circulation and bypassing of working 
fluid in water walls. 

In supercharged boilers of supercri- 
tical pressures, the superheater tubes 
are passed from the furnace through 
welded roof sections, with a second roof 
being provided on the furnace. The 
convective reheater banks are arran- 
ged in the down-take gas duct hori- 
zontally; the probable effect of non- 
uniform temperature distribution is 
minimized by sectionalizing the rehe- 
ater across the gas duct width into 
autonomous parallel flows. All sides of 
the convective shaft are formed by the 
gas-tight water walls of the economizer 
and superheater. 

The economizer, live-steam reheater 
and regenerative air heater in super- 
charged boilers are essentially of the 
same design as in balanced-draft boi- 
lers. The boiler structure has additio- 
nal beam bolts spaced roughly 3 m 
apart to absorb the strosses appearing 
due to supercharging. 

In modern high-capacity boiler 
plants, the load-carrying boiler stru- 
cture is mostly combined with the 
building structures (see Sec. 21.1), 
which gives a noticeable saving in 
metal. For instance, the motal saving 
for a gasand fuel-oil firod boiler type 
TGMP-204 for an 800-MW monobloc 
unit is around 1 500 t. This 
design is employed in new monobloc 
boilers, of capacities of 500, 800 and 
4 200 MW, both gas and fuel-oil fi- 
red and those fired on pulverized 
coal, 

An oxamplo of high-capacity sing- 
le-housing boilers for supercritical 
steam parameters is shown in Fig. 22.4. 
The boiler type P-67 for 800-MW mo- 
nobloc units is fired on Kansko-Achi- 
osky coal; its steam-generating capa- 
city is D = 2 650 t/h and steam para- 
meters: 25.5 MPa, 545°/545°C. It has 
the T-shaped layout with the boiler 
structure suspended from tho boiler 
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Fig. 22.4. Steam boiler type P-67 
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1—all-welded water walls in furnace; 2—burners; 3—recireulated gases; 4—expansion Joints (parting Joints); 
S—ist platen superheater, 6—2nd platen superbeater; 7—slag screen; 8—3 
section of supercritical-pressure superbeater); s—the last bank of reheater; !0—roof tubes; 11— ‘hot bor'; 
12—malin beams; 13—llve-steam reheater; 14—boller room columns; J$—all-welded water walls in convec- 
tive furnace shaft; 16—ist stage of convective supercritical-pressure superheater, 17— {st rehcater stage, 
18—economizer; 19—gns duct for the removal of combustion gases to tubular air beater; 20—tuhes suspen- 
ded from intermediate beams (*hot" suspenstons); 3f—duct for removal of drying gases 


platen superheater (the last 


to pulverizing mills; 


284 Ch. 22. Steam Boilers of High-capacity Monobloc Units 


room building structure. The boiler 
has gas-tight water walls, but opera- 
tes with balanced draft. The furnace 
is of the open dry-bottom type, squa- 
re in plan and has four tiers of tangen- 
tial burners (two vertical groups of 
burners on each furnace wall). 

In view of the high explosibility of 
the pulverized Kansko-Achinsky co- 
al and the high fuel consumption by 
the boilor, the pulverizing system of 
the boiler is provided with gas drying 
of fuel and mill fans which inject co- 
arse coal dust into the furnace. 

In order to minimize slagging of 
water walls, fuel combustion is orga- 
nized at a low temperature (less than 
1 260°C) and a low average heat re- 
lease rate Lo water walls. For the same 
Purpose, part of the combustion pro- 
ducts (roughly 20%) is taken from the 
horizontal gas duct at a temperature 
of 670°C and recirculated through a 
water-walled gas conduit to the bur- 
ners behind the gas drier. The tangen- 
tial burners form a vertical turbulent 
flame in the furnace centre, so thal 
the direct contact of the flame with 
the wator walls is minimized. 

The heating surfaces behind the fur- 
nace are of the platen type, which mi- 
nimizes the probability of tubes slag- 
ging. Slagging is also prevented by 
recirculating another 10% of the com- 
bustion products through nozzles in- 
to the top portion of the furnace so as 
to maintain tho gas temperature befo- 
re the platens at a level below 1 025°C. 
The recycled gases are taken off by 
two exhaust fans behind the economi- 
zer at a temperature of 350°C. 

The boiler has two symmetrical 
convective shafts each of the cross- 
sectional size 23 085 mm x 8 685 mm. 
Each shaft is divided vertically into 
two portions by a gas channel 2300 mm 
wide formed by two gas-tight walls 
which carry no heating surfaces, i.e. 
there are essentially four convective 
shafts. Combustion products are taken 
off at a temperature of around 800°C 
at the entry to convective shafts and 
move along the gas channels to pul- 
verizing fans (Fig. 22.4, item 27). 


A tubular air heater is mounted in a 
separate bay of the main buil- 
ding. 

Tho water-steam path of the boiler 
has two circuits with non-mixing 
separately controlled flows, which are 
symmetrical about the vertical axis 
of the boiler. The boiler is provided 
with an overhead travelling crane of 
a load-carrying capacity of 30 t and 
with goods and passenger lifts. 

Figure 22.5 shows a gas and fuel-oil 
fired boiler type TGMP-1202 of sus- 
pended design for 1 200-MW monobloc 
units. [t is of the single-housing lay- 
out, which makes it possible to or- 
ganize single-pass ascending motion of 
the working fluid in the furnace wa- 
ter walls at a mass flow rale wp = 
= 2000 ke/(m*s). The boiler is su- 
percharged. The furnace is 31 280 mm 
» 40 420 mm in plan and carries mce- 
mbrane sections of unified width. The 
enclosing sections of the convective 
and connecting gas ducts are also wni- 
fied. The furnace has a rather jarge 
depth which allows [reo development 
of the flame without touching water 
walls. Firing-up of the boiler is done 
by using the fuel oil burners. In order 
to diminish the firing-up load (to 
0.15D,) and increase the reliability 
of all-welded water walls, the boiler 
is provided with a water recirculating 
system which operates when the load 
is less than 40-50% of D,. The bur- 
ners are arranged in two fronts and 
three tiers. Combustion gases are ta- 
ken off behind the economizer and re- 
circulated into the top and bottom 
portion of the furnace. The working 
fluid moves in the furnace water walls 
by the single-pass mode. There are 
two firing-up units, one for each flow. 
The supercritical-pressure superhealer 
(D =: 3950 t/h) is arranged in the 
horizontal duct and comprises platen 
sections and two conveclive stages. 
The supercritical-pressure steam path 
has two water injection points: one 
before the platens (5% of the total wa- 
ter flow rate) and the other hefore the 
last stage of the convective superheater 
(2%). 
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Fig. 22.5. Steam boiler type TGMP-1202 


t—gas-tur) oil burners; 3—air box; 3—furnace waler walls, 4—horizontal parting joint; 5—norzzles; 6— 
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superhealer; 16—2nd stage of convective superhealer, 17—the last reheater bank; 15—boiler room columns; 
19—gas-tight water walls in convective furnace shaft; 2o0—rcheater stage; #1—contro! stage of reheater; 
22—contro! bypassing valve; 23—economizer; 24--combustion products to regenerative air henter 
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The low-pressure path has a control, 
an intermediate and an oullet bank. 
At the rated capacity and fuel oil 
firing, roughly 30% of steam pass 
through the control bank and the 
remaining 70% are bypassed. The 
two steam flows are then mixed in a 
header and fed into the intermediate 
and the outlet bank. 

The economizer has two tube banks. 
There are four regenerative air heaters 
of 12.9-m diameter. 

The semi-peak once-through boiler 
type TMP-501 of a steam-generating 
capacity 1 800 t/h (14 MPa, 515°/515°C) 
operates in a monobloc with a 500-MW 
steam turbine (Fig. 22.6). It has the 
I]-shaped layout. The open-type pris- 
matic furnace has weakly inclined 
water wall tubes coiled all over its 
walls in tho lower radiation section; 
this prevents temperature stratification 
in the zone of intensive heating of 
tho working fluid which might occur 
at low loads and transient regimes, 
i.e. when some walls are heated une- 
venly. In the less heated upper radia- 
tion section, water walls are made in 





Fig. 22.6. Semi-peak boiler type TMP-501 
(D = 1 800 t/h, p = 14 MPa, 515°/515°C) 


1—bumer; 2—lower radlation section; 3—upper 

radlatlon section; 4—superheater platens; 5— 

roof superheater; 6—hot box; 7—convectlve super- 

heaters; 3—reheutcr, 9—economlzer; 10—to rege- 
neratlve air heater 
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the form of vertical sections. Since 
there are no substantial temperature 
differences of the working fluid in 
parallel tubes, water walls are of the 
all-welded design and the boiler is 
gas-tight. 

Since the superheated steam tem- 
perature is relatively low, all heating 
surfaces of the boiler are made from 
pearlitic stool which operates at vari- 
able temperatures more reliably than 
austenitic steel. The headers have a 
low wall thickness (less than 36 mm) 
so as to prevent substantial tempera- 
ture stresses and thus increase their 
reliability. This has become possible 
bocause of the moderate steam pres- 
sure in the boiler. The temperature of 
live steam is controlled by water 
injection and that of reheated steam 
by the recirculation of combustien 
products to the furnace burners and, 
in addition, by water injection at the 
fulljload. 

In view of the high risk of corrosion 
at low loads and at frequent starting- 
up and shutting-down, the boiler is 
provided with two regenerativo air 
heaters with a porcelain packing in the 
cold sections and a steam air heater 
which ensures a high temperature of 
air preheating in all operating regimes. 
The boiler is suspended from the main 
beams of the boiler room building. 

Figure 22.7 shows the stcam boiler 
for 1 300-MW monobloc unit of the 
Gavin power station in the USA. It is 
of the single-housing type with Il- 
shaped layout. The open-typo furnace 
for firing pulverized coal has opposit- 
ely arranged burners and a dry-bot- 
tom hopper. Its width, depth and 
hoight are respectively 34.4 m, 15.8 m 
and 61 m. The boiler has 14 roller 
mills, with seven mills mounted on 
each side. Tho rated capacity is cover- 
ed by the operation of 10-12 mills, the 
remaining being tho reserve. Pulveriz- 
ed fuel is dried by air and blown 
directly into the burners. Capital 
repairs of the roller mills are carried 
out once in two years. Fuel is supplied 
to the mills by closed belt conveyors 
provided with automatic scales to 
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Fig. 22.7. Once-through boiler 
= 4438 t/h, p= 27.3 MPa, 


1=puiverliing mills; hate ea ducts; 
s—bumer, ¢—secondary alr box; 5—box for te- 
circulated gases; 6— platens; 7—the last superhea- 
ter stage; s—‘hot hox’; 9 and 71—rehealers; 10— 
fst superheater stage, 12—economizer; 13—to 
regenerative nir heater; 34—dust collection from 
recirculated guses; 75—to recirculating gas fan 


(D = 
543°/538°C) 


measure fuel consumption. Each mill 
is connecled with the burners by 
eight dust pipelines of an appreciable 
length which also compensate for the 
burner displacement owing to tem- 
perature expansion of the water walls. 
The boiler has 112 burners arranged 
in four tiers on the front and rear walls 
of the furnace (the burners are enclosed 
by secondary-air boxes). 

The furnace water walls are made 
in the form of all-welded sections 
with vertical tubes and ascending 
motion of the working fluid. There is 
a single parting joint along the fur- 
nace height. Three platens are mount- 
ed in the furnace top. The boiler is 
provided with a gas recirculation 
system which returns the combustion 
products into the furnace in two 
points: a smaller portion through tho 
tubes of the dry-bottom hopper (not 
shown in the figure) and a greater 
portion, through the boxes at the 
furnace top. 

The boiler is supercharged, the 
surplus pressure boing developed by 
threo air blowers. There are no reserve 
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blowers. The boiler structure is sus- 
pended on long ties of a diameter 
of 120 mm and spring-biased supports. 
Tho heating surfaces can be blown by 
fixed and retractable nozzles up to 
17 m long, the blow-down system 
being switched on automatically twice 
a day. 

Drum-type boilers are made for 
subcritical steam prossures. The drum- 
type boilers employed at Soviet ther- 
mal power stations are of the natural 
circulation type and mostly with ba- 
lanced draft. In othor countries, forced- 
circulation drum-type boilers are also 
in use. 

The drum-type boiler type TPE-211 
with natural circulation (Fig. 22.8) 
has been developed on the basis of the 
similar boiler type TP-100 which has 
found wide application. It is intended 
for the combustion of coals (dry-bot- 
tom furnace) and natural gas. It is 
of the T-shaped layout, with the fur- 
nace being arranged in the central 
uprising shaft and the low-tempcra- 
ture convective heating surfaces, in 
two vertical convective shafts sym- 
metrically on the left and right of the 
furnace. The convective shafts are 
connected with the furnace by horizon- 
tal gas ducts in which the high-tem- 
perature convective superheater sect- 
ions are mounted. 

The open-type furnace of the pris- 
matic shape is oriented by its longer 
side across the main building and car- 
ries evaporating water walls. It is 
vertically divided by a platen into 
two symmetrical furnace chambers. 
At the bottom, tho platen together 
with opposite water walls forms two 
cold-bottom hoppers. Each section of 
the furnace is provided with pul- 
verized coal and gas burners arranged 
in two tiers on its side walls. The 
boiler drum is mounted transversely 
to the furnace front; it is made of 
steel Grade 16GNMA (0.16C-Mn-Ni- 
high quality) and has an internal 
diameter of 1 800 mm and wall thick- 
ness 112 mm. 

Superheating of live steam is effect- 
ed in a superheator section on tho 


furnace roof and in the radiant super- 
heater located in the top portion of the 
furnace under the constriction above 
the water wall tubes. The convective 
superheater and reheater are arranged 
almost completely in the horizontal 
gas ducts. Steam for reheating is sup- 
plied from the turbine in two flows, 
each of which is separated into two 
flows in a control bypass valve and 
can be directed partially into an ad- 
ditional (control) reheater surface and 
partially around it into the convective 
banks. The temperature of high-pres- 
sure superheated steam is controlled 
by the injection of boiler condensate. 
The economizer is arranged in the 
downtake shaft together with its head- 
ers. The air heater is of the tubular 
three-pass typo. 

Jn conventional boiler designs where 
water walls are arranged on the en- 
closing walls of the furnace, the 
dimensions of tho boiler plant may be 
too large. Their dimensions can be 
decreased by applying forced-flow tur- 
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Fig. 22.8. Drm-type boiler 
TP E-211 (D = 670 th, p= 
= 14 MPa) 

1 -burners; 2—fumacr; a radiant 
Ssuperheater section, 4 -cCunomizer; 
S5—control stage of ruperheater; 
6—roof superheater; 7--platen; §— 
drum; 9--reheater, 10 and 13 —con- 
vective superbealer sections, 12-— 
air heater; 23—-cold air in; 34 -- 
waste gases; 15—upper end of dry- 
bottom hopper 


bulent furnaces or by intensifying 
heat transfer in the heating surfaces 
by using finned tubes, An example of 
a small-size boiler plant is the boiler 
type TGM-444 developed at the Cent- 
ral boiler and turbine institute 
(Fig. 22.9). It is essentially a gas- 
tight supercharged drum-typo boiler. 
The furnace has two chambers: a tur- 
bulent primary furnace at the boltom 
and a furnace chamber with bare- 
tube water walls above it. The total 
surface area of the heating surfaces 
is enlarged by adding two finned- 
tube platons which are arranged per- 
pendicular to the furnace front and 
divide the furnace along its whole 
height into three sections. All water 
walls of the furnace are connected into 
the natural-circulation circuits. In- 
stead of a large number of downtake 
tubes, the boiler has four water-des- 
cending stand-pipes of 426-mm dia- 
meter and 36-mm wall thicknoss. 
The front wall of the furnace carries 
six straight-flow gas and fuel oil 
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Fig. 22.9. Small-size gas and fuel oil fired a type TGM-444 (D = 500 t/h, p = 14 MPa, 


3—cyclone primary furnace; 2—burner; 3—coollng chamber; 4—Surnace platen; 5—drum; 6—external cyc- 


lones; 7—economizecr, 8— 


platen; 9—bent-tube bank; 


10 —convcctive superheater platens; 11—asxending 


gas ducl; 12—lo regenerative air heater 


burners (two in each furnace section). 
In the zone of the combustion pro- 
ducts exit from the furnace there are 
42 vertical all-welded single-pass su- 
perheater platens. The hoat release 
rate per unit volume of the primary 
furnace is roughly 2 MW/m°? and for 
the whole furnace 0.7 MW/m?. 

A horizontal gas duct and two ver- 
tical connected gas ducts are mounted 
behind the furnace chamber, all en- 
closed by all-wolded water walls. The 
vertical shafts carry convective platen 
sections of the superheater. At the 
outlet from the ascending gas duct, 
combustion products pass through an 
economizer and, finally, through a 
regenerative air heater (one for the 
whole boiler plant). All heating sur- 
faces of the boiler are drainable. 

The boiler offers the following ad- 
vantages: it has substantially smaller 
dimensions (by 30-40%) compared 
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with conventional boilers and by 25- 
30% lower mass of the metal; the 
volume of construction work for the 
main building of the power station, 
including the boiler, can be decreased 
by 50-66% and the labour consump- 
tion for the boiler manufacture and 
mounting by 30-40%. The boiler is 
universal as regards its thermal cha- 
racteristics and manufacture. The lat- 
ter is achieved by developing a stand- 
ard furnace module of a length M = 
4480 mm and diameter 3 960 mm. 
A number of modules can be combined 
to form the furnace for boilers of 
various capacities. For instance, the 
boiler described (D = 500 t/h) re- 
quires three modules, i.e. the length 
of the primary furnace (width across 
the front) is: L = 3M = 3 x 4 480 = 
13 440 mm. Small-size forced boilers 
are in tho stage of industria] develop- 
ment. 
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STEAM BOILER OPERATION 


23.1. Operating Conditions 
and Characteristics 


The principal object of boiler oper- 
ation is to satisfy the current power 
demand according to tho load curve 
and ensure the highest service life 
and highest efficiency of boiler plant. 

The load curve of a power station is 
mostly non-uniform which is deter- 
mined by variations of energy con- 
sumption by the consumers. Thero 
aro daily, weekly and seasonal load 
curves. As a rule, a load curve has 
peaks in the morning and in the 
evening and drops down at daytime 
and especially at night. Load drops 
are also observed on non-working 
days, especially at night. The seasonal 
load curve mostly has a maximum in 
autumn and winter. Energy-producing 
equipment may operate in tho, base, 
semi-peak or peak regime (mode). In a 
base regime, the load is essentially 
constant, though certain variations 
are allowed in this regime and even 
shut-down to reserve on non-working 
days. In semi-peak regime, the station 
equipment is shut down to reserve 
in the nighttime and all the days of 
rest. In peak regime, the equipment 
is in operation only during peaks of 
the load. 

The following principal characteris- 
tics are adopted to describe the oper- 
ating conditions of boilors: 

(a) the net efficiency of a boiler at 
rated load and the average efficiency 
for a particular operating period; 

(b) the operation factor which is 
essentially the ratio of the actual 
operating time of a boiler, Top, te the 
calender time Tea of the period con- 
sidered (month or year); 


(c) the availability factor, i.e. the 
ratio of the total time during which 
a boiler was in operation and reserve 
to the calender time; 

(d) the capacity factor which is the 
ratio of the steam generation during 
Top to the probablo steam generation 
during 1.4; if the boiler operated at 
the rated steam-generating capacity; 
and 

(o) tho average and maximum time 
of a campaign or, using the terminolo- 
gy from the reliability theory, the 
operating time to failure (a failure 
is understood as an event that dis- 
turbs the operating ability of a boiler). 

Boilers operating in base regimes 
should have the highest values of the 
indicated characteristics. It should be 
clear that such high indices cannot be 
attained by the boilers operating in 
semi-peak and peak regimes. 

Since monobloc units gradually re- 
place older equipment in thermal 
power stations of power systems, some 
of them, including those of super- 
critical pressures, are omployed in- 
creasingly for supplying the variable 
portion of the load curve. In that 
respect, the manoeuvrability of boiler 
equipment is a characteristic that 
grows in importance. 

The concept of manoeuvrability of 
monobloc units includes: the character- 
istics which determine the rango of 
operating loads of a unit; the startup- 
shutdown charactoristics; the dynamic 
properties; the characteristics at sud- 
den sheddings and surges of the load. 

The conditions of operation of boiler 
equipment at various loads are charac- 
terized by the lond control range and 
the range of allowable loads. In the 
load control range, the automatic con- 
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trol system of a boiler should quickly 
respond to load variations without 
interference of the personnel. In this 
range, it is not allowed to change the 
composition of the operating auxiliary 
equipment, the number of boiler bur- 
ners and the adjustment of automatic 
regulators. The concept of the allow- 
able load range includes, in addition, 
the region of loads from the lower 
limit of the control range to the lowest 
capacity at which the boiler can 
operate steadily. In this range, the 
load varies relatively slowly according 
to the load-dispatching curve and it 
is allowed to vary the composition of 
the auxiliary equipment, change the 
number of burners, and ‘brighten’ 
the pulverized-coal flame by startup 
fuel in order to stabilize combustion. 
It is also allowed to vary the adjust- 
ment or switch off some of the auto- 
matic regulators. The lowest capacity 
of a boiler is determined by the relia- 
bility of temperature and hydraulic 
conditions of the water walls and the 
stability of fuel combustion and dis- 
charge of molten slag from the slag- 
hole. 

Regimes of operation at any load 
with insignificant variations of steam 
parameters are called steady. In con- 
trast, regimes characterized by load 
variations and deviations of steam 
parameters duc to internal or oxternal 
disturbances are called unsteady. In- 
ternal disturhances of an operating 
regime are caused by variations of one 
or more boiler inlet parameters (flow 
rate or temperature of feed water, 
fuel consumption, air flow rate, etc.). 
External disturbances are caused by 
variations in the external conditions 
(such as the pressure of steam in steam 
main, the load of the turbo-generator, 
the degree of opening of the startup- 
shutdown dovico, etc.). An important 
characteristic of a boiler is its ability 
to change the load quickly, which is 
often called the acceleration characteris- 
tic. It is determined mainly by the 
dynamic properties of a boiler, i.e. 
by ils response to regime disturban- 
ces. 


291 


_ Tho characteristics of manocuvrabi- 
lity of the boiler equipment are deter- 
mined largely by startup-shutdown 
regimes. The principal types of boiler 
shut-down are as follows: 

(1) shut-down to rosorve or for some 
types of repair work which require no 
cooling of the boiler and steam pipe- 
lines, 

(2) shut-down for repairs with cool- 
ing of tho whole boiler plant or a 
particular element; 

(3) emergency shut-down; it is car- 
ried out by the prescribed technology 
which is determined by the cause of 
shut-down and the possibility of re- 
starting. 

The firing regime of a boiler includes 
heating the water-steam and gas-air 
paths, after which the process of steam 
gencration begins and steam para- 
meters are raised to the specified val- 
ues. For monobloc units, boiler firing 
is a part of the starting-up regime of 
a unit. Firing a boiler is considored 
to be completed when the steam- 
generating capacity ond steam para- 
meters have been raised to the specified 
values so as to ‘push’ the turbine 
rotor and accelerato its rotation. This 
regime is also called the starting-up 
regime. The firing and starting-up 
regimes heavily dopond on the original 
thermal state of the equipment. A boil- 
er can be started from a hot state, a 
warm stato or a cold state. For mono- 
bloc unit boilers, these regimes are 
distinguished roughly by the time of 
the preceding idle time (respectively 
6-10 h, from 6-10 h to 70-90 h, and 
more than 70-90 h). For conventional 
boilers (not monobloc) the difference 
between the first and second group is 
determined by the time of the prece- 
ding idle time (6-10 h or more) and 
between the second and third group, 
by tho loss of gauge pressure in the 
boilor and the drop in the tempera- 
ture of the hottest elements down to 
150°C. For monobloc boilers, in ad- 
dition, the starting-up regime from 
the stale of hot reserve is known. 
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23.2. Steady Regimes of Boiler 
Opcration 


Steady conditions of boiler oper- 
ation have been considered in many 
preceding chapters, so that the present 
chapter will give only some additional 
data. In the general case. boiler oper- 
ation is carricd out according to a 
regime chart which gives the principal 
characteristics of the regime obtained 
by the results of boiler tests. Modern 
monobloc units are equipped with 
computer means which make it pos- 
sible to determine the current or aver- 
age (for any given period, such as a 
shift) efficiency characteristics and 
the characteristics of the working fluid 
in the water-sleam path of tho boiler. 
This information is used for the 
optimization of boiler operation. In 
addition, a number of automatic regul- 
ators maintain the process parameters 
at optimal values (for instance, the 
air regulator maintains the specified 
concentration of oxygen in flue gases). 
For these devices the regime chart 
gives the extreme variations of the 
variables, above which the personnel 
should correct the operation of the 
controllers or change to manual oper- 
ation. 

Controlling the efficiency of com- 
bustion process consists in maintain- 
ing the optimal excess air ratio in the 
furnace (a,) and in distributing the 
air flow between the burners in ac- 
cordance with fuel distribution. The 
optimal a, is found by minimizing the 
heat losses (sec Ch. 6). Uniform dis- 
tribution of fue) and air between the 
boiler burners is favourable for de- 
creasing the maximum temperatures of 
water-wall tubes, decreasing temper- 
aturo stratificalion of flue gases at 
the furnace outlet, and prevonting 
slagging of the heating surfaces. 

It is essential to hold the temper- 
ature of tube walls of the heating sur- 
faces within the limits allowed for 
their metal (see Ch. 10). Direct meas- 
urement of temperature of the tube 
metal can only be carried out in boiler 
tests. In boiler operation, these tem- 
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peratures are controlled hy maintain- 
ing the specified temperatures of the 
working fluid at the outlet from par- 
ticular heating surfaces. In some cases, 
these temperatures may exceed the 
specified values. For instance, in once- 
through boilers this may occur on a 
decrease in the flow rate of feed water 
or an increase in the flow rate of spray 
water (the total or in some spray 
nozzles). In any boiler, this also can 
result from improper conditions in the 
furnace. For instance, if the combust- 
ion core in the boiler furnace is too 
high, it may raise the steam temper- 
ature behind somo stages of the super- 
heater, especially behind the unpro- 
tected superheater sections. Non-uni- 
form distribution of fuel hetween the 
burners may lead to an increased tem- 
perature of one of gas flows and lo 
increased maldistribulion of heat in 
some heating surfaces. Il is clear 
thal in once-through boilers it is 
essenlial lo redistribute continuously 
the flow rate of feed water and the 
flow rates of fucl between the burner 
tiers and furnace sides so as to ensure 
reliable operation of the heating sur- 
faces. In drum-type boilers, an ad- 
ditional variable is the water level 
in the drum. An excessively high 
water level can lead to carry-over of 
water droplets which can impair the 
steam quality and form internal depo- 
sits (scale) in superheater Lubes. This 
may result in a higher temperature of 
the tube metal and even in burn- 
through. 

The temperature conditions of the 
heating surfaces are also impaired if 
some tubes have leaks or bursts. 
Tube-burst indicators of the acoustic 
type are finding increasing use for 
detecting bursts and leaks in boiler 
tubes. lf the temperature behind par- 
ticular heating surfacos has increased 
above the allowable level or if a tubo 
burst has been detocted, the boilor is 
shut down (soe Sec. 23.5). In nddition 
to the current control of temperature 
conditions in a boiler, the state of the 
metal of the heating surfaces, headers 
and steam pipelines operating at tem- 
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peratures above 450°C is checked perio- 
dically by measuring their dimensions 
or by cutting metal specimens from 
the tubes for metallographic analysis. 

An important task of the hoiler per- 
sonnel is to organize the boiler oper- 
ation so as to minimize low-tempera- 
ture corrosion in the tail healing sur- 
faces and gas ducts. As has been given 
in Ch. 16, it is essential for the purpose 
to burn high-sulphur fuel oil at the 
least excess air ratio (1.02-1.03) and 
maintain the temperature of the pre- 
heated air al a level of 70°C before 
a tubular air heater or 60°C before 
regenerative air heaters. Combustion 
of fuel oil at a low excess air ratio 
involves certain difficulties, in par- 
ticular, the furnace should be perfectly 
tight, fuel and air should be uniformly 
distributed between the burners, tho 
plant should be provided with oxygen 
meters and smoke density indicators. 
1f these conditions are not observed, 
soot will be deposited on the heating 
surfaces (its ignition may cause damage 
to the tubes) and ejecled into the 
atmosphere. 

Steady regimes of the boiler opera- 
tion may be different depending on the 
load. Variations of a particular steam 
parameter or regime characteristic as a 
function of load are described by what 
is called the static characteristic. As 
follows from what has been said in 
Ch. 18, an increase in the load de- 
creases the fraclion of heat absorbed 
by radiation and increases that ab- 
sorbed by convection. In a drum-type 
boiler, this leads to an increase in the 
temperatures of live and _ reheated 
steam, water behind the economizer, 
and hot air. In once-through boilers 
where no distinct boundary is obser- 
ved between the sleam-gencrating and 
superheating sections, the temperature 
of live steam may remain constant. 
Typical static characteristics of live 
and reheated steam in a once-through 
and drum-type boiler are shown in 
Fig. 23.1. 

With an increase of load, the tem- 
perature of flue gases at the furnace 
outlet increases, resulling in a greater 
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Fig. 23.1. Static characteristics of fresh and 
reheated steam for (1) once-through and (2) 
drum-type hoiler 


volume of combustion products and 
higher temperature gradients in the 
convective healing surfaces whose heat 
absorption thus increases somewhat. 
Since the flue gases have a higher tem- 
perature and the excess air ratio is un- 
changed, the loss g, increases. In 
some cases, the boiler furnace is run 
at an elevated excess air ralio to form 
appropriate furnace conditions or main- 
tain tho specified temperature of steam 
at reduced loads. In this case the loss 
qa May even increase at reduced loads. 
The loss of heat due to incomplete 
combustion, q}, is usually very low. 
The loss with unburned carbon, q,, 
first decreases with increasing load, 
duc to a higher temperature level 
of combustion, but then can rise due 
to a shorter time of fuel particles 
presence in the furnace. The loss of 
heat to the surroundings, qs, decreases 
with an increase in load. It can be 
concluded from the foregoing that the 
relationship between the boiler ef- 
ficiency.and load is influenced by a 
number of factors: boiler design, fuel 
grado, air conditions, air inleakago, 
etc. The highest efficiency can be 
obtained at a load somewhat below 
the rated load [near (0.8-0.9) D, in 
the combustion of solid fuels and 
(0.6-0.7) D, in the combustion of fuel 
oil]. 

A change in fuel consumption on a 
change of load is determined by the 
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ratio of balance equations: 

By _ Din (isa — tyw)* + DZ, (Caa S a ni 

Be (Diy, Ea ipo) + DE, (8 ind") në 
(23.1) 


where D,,, D,, are the flow rates of 
live and reheated steam, iss and if, 
aro respectively their enthalpies, i, 
and ijp are the enthalpies of feed 
water and steam at the reheater inlet 
and the subscripts ‘r’ and ‘z’ refer 
to the rated and reduced load. 

If load is reduced at constant rated 
parameters of steam, ijẹ and ija will 
decrease with only a slight change of 
No, so that the fuel consumption will 
change less substantially than the 
boiler load. 

As has been established by boiler 
tests and by experience of boiler 
operalion, the lower limit of the load 
control range is as follows: 40-50% 
of the rated load in the combustion of 
fuel oils, gas and high-volatile coals; 
50-60% for lean coals; and 60-75% 
for slagging-bottom boilers. The lowest 
load for stable operation of a boiler 
is usually 30-40% of the rated load. 





23.3. Unsteady Regimes of Operation 
Within Allowable Loads 


Let us consider the principal un- 
steady processes which can occur in 
boilers on the typical disturbances of 
their operating regimes. According to 
the laws of conservation of mass and 
energy, we can write the equations of 
material and heat balance: 

td! 


G,— Da=— (Gin) «- |]! 


(23.2) 


MQ, — Qa = (Qin) «++ (23.3) 


where G, and Q, are tho quantities of 
water and heat supplied to the boiler, 
Da and Qua are the quantities of steam 
and heat delivered from it, and Gin 
and Qin are the quantities of water 
and heat contained in the boiler. 

The term Gin is the mass of water 
and steam contained in the boiler (it 
may be called mass filling). The term 


Ch. 23. Steam Botler Operation 


Qin is the quantity of heat accumul- 
ated in the boiler: 


Qin = GmCmtm +2 Gulwle 
+E Deta... (23.4) 


where c is specific heat and the sub- 


scripts ‘m', ‘w’ and ‘s' stand res- 
pectively for ‘metal’, ‘water’ and 
‘steam’. 


Specific processes occurring in the 
drum-type and once-through boilers 
are determined by the differences 
between these boiler types: the posi- 
tion of the boundarics of the steam- 
generating portion, its filling mass, 
and capacity of heat accumulation. 
It should be recalled, in particular, 
that the steam-generaling portion in 
the drum-type boilers has the bound- 
aries determined by the drum, whereas 
in the once-through boilers these boun- 
darics are indelerminale. Since the 
drum-type boiler has a multiple cir- 
culation, the sLeam content at the out- 
let from the wall tube system is low 
and the mass filling is respectively 
high. On the other hand, in oncc- 
through boilers, the working fluid 
circulates in a single pass, so that the 
steam content increases substantially 
and the mass filling is appreciably 
lower than in the former case. Besides, 
water-wall tubes in the drum-type 
boilers have a larger diameter (to 
ensure proper circulation) than in 
once-through boilers, which again in- 
creases their mass filling and the heat 
accumulated by the melal. The drum 
is also an element that accumulates 
much heat, so that the terms d (G;,,)/dt 
and d(Q,,)/dt for the drum-type boilers 
are substantially higher. 

Such are the principal differences 
in unsteady processes occurring in 
these two principal types of boiler*. 

Let us analyse a regime in which 
the fuel consumption B (and therefore, 
heat release in the furnace) incroases 
at a constant flow rate of feed water 
Gry. ln a once-through boiler 


* A more detailed discussion of unsteady 
Processes and their mathematical description 
can_be found in (56, 61], ete. 
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T, min 


(b) 


Fig. 23.2. Variations of operating conditions 
of a ence throughi boiler with increasing 
fuel consumption 


ta) displacement of boundaries of the steam-gene- 
rating portion; (b) variations of the flow rate and 
temperature of steain 


(Fig. 23.2), the surface area of tubes 
requircd to heat water to the boiling 
temperature decreases in this case, 
and therefore, the boundary of the 
economizer portion displaces in the 
direction against the water flow (from 
tec; to lee)- The heating surface area 
of the steam-generating portion also 
decreases (from 2,,, to levo) and, 
besides, its beginning displaces. There- 
fore, the point in which steam gener- 
ation is completed shifts against the 
flow more substantially than the boun- 
dary of the economizer portion. Thus, 
the mass filling of the boiler decreases 
(sce the hatched area in Fig. 23.22), 
while the superheating portion of tho 
boiler increases (from lany to leng): 
These boundaries displace gradually. 
First, the boundary of the boginning 
of steam generation is shifted and, 
since part of the water contained in 
the boiler is evaporated, the steam 
flow rate D exceeds for a certain Lime 
the flow rate of water G,,. During 
this period, the ratio B/D remains con- 
stant and the temperature of live 
steam /,, is not changed (Fig. 23.20). 
Further, as the boundary of the end 
of the steam-generating portion is 
shifted and the heat accumulated by 





T-0 


Fig. 23.3. Variations of the operating condi- 
tions of a drum-type boiler with increasing 
fuel consumption 


the working fluid and metal increases, 
tas becomes higher. The processes 
occurring in a supercritical-pressure 
boiler can be presented in a similar 
manner if the zone of the highest heat 
capacity of the fluid is regarded as the 
steam-gonorating portion. 

Tho process in a drum-type boiler 
occurs in a different manner (Fig. 23.3). 
The mass filling of the boiler is soveral 
times greater than in the once-through 
type, and therefore, the steam flow 
rate D will for a certain time be higher 
than the flow rate of feed water G, 
leading to a lower water level # in 
the drum. On the other hand, since the 
pressure in the water-wall tube system 
and drum increases with D, some heat 
must be spent for heating the water 
contained in the drum to the corres- 
ponding boiling point. For this reason, 
D increases more slowly and for a 
certain time the proportion between 
B and D is disturbed and results in 
a higher ¢,,. As D approaches a new 
static value, steam temperature ceases 
to rise and then drops down to the 
original or a new level which is deter- 
mined by the static characteristic of 
the superheater (whose dimensions are 
not changed in the regime considered). 
It should be clear that the considered 
pattern of the process is true only for 
the period in which water level in the 
drum decreases to a lower allowable 
limit. 
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If the flow rate of feed water.in the 
once-through boiler decreases at con- 
stant B, the process will occur essenti- 
ally in the same way as shown in 
Fig. 23.2. In tho drum-type boiler in 
this case, the heat consumption for 
healing waler in the drum decreases, 
resulting in a higher steam generation 
in the water walls and higher steam 
flow rate through the superheater. 
Since the dimensions and heating 
load of the superheater remain un- 
changed, the temperature of steam 
drops somewhat down. This process, 
as the previous one, occurs only in the 
period when the water level in the 
drum falls down to the lowest mark. 
A different process takes place if fuel 
combustion is increased suddenly. In 
the once-through boiler, this leads to 
an ‘outburst’, i.e. vigorous steam 
generation and carry-over of moisture 
by steam along the steam path. In 
this case, the length of tho steam- 
generating portion increases sharply 
(Fig. 23.4b), resulting in a shorter 
superheating portion and lower live 
steam temperature. As the additional 
steam passes from the boiler, the live 
steam temperaturo begins to rise and 
may exceed substantially the original 
level (Fig. 23.4c). The process that 
takes place in the drum-type boiler 
is similar, in a certain respect, to that 
described. The water level in the 
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Fig. 23.4. Displacement of boundaries of the 
steam-gencrating portion in a once-through 
boiler on a sharp increase of fuel consumption 


{a) conditions before disturbance; (b) nfter distur- 
bance; (e) final steady-state conditions 
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Fig. 23.5. Variations of the water level in 
the boiler drum on a sharp change of fuel 
consumption 


drum ‘swells’ to a height as much as 
a few hundred millimetres. The distur- 
bance of the material balance and the 
swelling of water in the circulation 
system have opposite effects on the 
water level in the drum (Fig. 23.5). An 
increase in D above G,, results in 
a lower h (curve 7), while swelling 
leads to a sharp rise in k which is then 
stabilized (curve 2). Using the super- 
position method, ono can find the 
resulting change in A (curve 3). This 
curve shows that the effoct of water 
swelling is predominant at the initial 
stage of the process and that of a 
change in the material balance, at the 
final stage. In contrast to the process 
in the once-through boiler, the drum 
in this case serves as a trap for en- 
trained moisture, and therefore, ¢,, 
changes much in the same manner as 
on a common increase of fuel con- 
sumption, 

The effect of variation in the feod 
water temporature ty, in the two 
boilers is also different. In the once- 
through boiler, a change of ts, under 
other conditions unchanged, results 
in the displacement of the boundaries 
of steam-generating portion in a simi- 
lar manner as shown in Fig. 24.2, and 
in an increase of ¢,,. In the drum-type 
boiler, the quantity of heat consumed 
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Fig. 23.6. Variations of the operating condi- 
tions of a boiler on opening of turbine cont- 
rol valves 


for preheating water in the drum de- 
creases, which leads lo an increase of 
the steam flow rate through Lhe supor- 
heater portion and a decrease of ¢,,. 
If the flow rate of feed water increases 
and its lemperature decreases, the 
processes occur in reverse direction. 
An exceplion is the process of ‘out- 
bursting’ of moisture in the once- 
through boiler, which can only be 
observed on a sharp rise of heat release 
in the furnace. With an oxternal 
disturbance of the regime, the processes 
in the once-through and drum-type 
boilers are essentially similar. For 
instance, as the opening H, of the 
control valves of the monobloc turbine 
increases, the pressure of live steam 
and the saturation temperature di- 
minish. This results in a lower filled- 
in mass of the boiler, higher steam 
generation, and lower temperature of 
superheated steam (Fig. 23.6). In the 
drum-type boiler, this process takes 
more time, since the mass filling 
should be changed more substantially. 
The change in ¢,, in the once-through 
boiler is greater than in the drum 
type, since in addition to an increase 
in steam flow rate, the length of the 
steam-generating portion diminishes 
(the boundary of this region shifts 
downstream due to an increase of the 
enthalpy of dry steam on a decrease 
in pressure). 


297 





With ¢,, maintained at the specified 
value, the process considered makes 
it possiblo to utilize the accumulating 
capacity of the boiler for quick varia- 
tion of the turbogenerator load when 
it is needed to control the frequency 
and energy transfer in the system. Tho 
process has a definite effect on the 
unit operation in a regime of variable 
pressure of live steam. Load shedding 
in the unit is first carried out at a 
constant pressure of live steam by 
closing the control valves of the 
turbine. With further unloading of 
the unit, the position of the control 
valves remains unchanged and the 
pressure of live steam decreases. This 
regime offers certain advantages in 
boiler operation. In particular, the 
efficiency of the unit increases duc to 
lower throttling of steam in the con- 
trol valves of the turbine and smaller 
energy consumption by the feed pump. 
The range of the unit loads in which 
the temperature of reheated steam 
can be maintained at nearly nominal 
value becomes wider since. as the 
unit is unloaded, the temperature of 
steam at the inlet to the reheater is 
not decreased but increased. These 
advantages are mainly revealed at 
supercritical pressures. On the other 
hand, tho variable-pressure regime 
decreases tho rate at which tho boiler 
load can be raised since part of heat 
is accumulated in the working fluid 
and tube metal. This drawback, how- 
ever, can be decisive for the selection 
of the operating regime only in ex- 
ceptional cases. 

The combination of the processes 
discussed determines the dynamic pro- 
perties of a boiler. It should be empha- 
sized that the variable component of 
mass filling and the accumulating 
capacily of a boiler are decisive in 
this respect. Assuming these factors to 
be ineffective [d (Gindt = O and 
d (Qin)/dt = OJ, it follows from equa- 
tions (23.2) and (23.3) that the flow 
rate of steam should be equal at any 
moment to the flow rate of the feed 
water and that the temperature of 
superheated steam should follow the 
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variations in the heat release in the 
furnace without time lag. Under such 
conditions, a boiler would be un- 
controllable. Under real conditions, 
the inertia of transient processes forms 
a certain time reserve essontial for 
effecting the control process. 

For a drum-type boiler, a chango in 
load is done by changing simultaneous- 
ly the fuel consumption and the capa- 
city of blowers, with subsequent varia- 
tion of the feed water flow rate which 
is controlled by the water level in 
the drum, with leading pulses from 
variations of the steam and feed water 
flow rates. The load of a once-through 
boiler can be varied by similar pro- 
cedures, with the sole difference being 
that feed water flow rate is controlled 
by the fluid temperature in an inter- 
mediate portion of the path. A differ- 
ent control procedure is often employ- 
ed in the automatic control systems of 
once-through boilers: first the feed 
water flow rate is varied according to 
the load and the flow rates of fuel 
and air are controlled in proportion 
to it and corrected by the fluid tem- 
perature in the intermediate portion 
of the path. In monobloc units, two 
versions of load variation aro employ- 
ed. For planned load variations, the 
load of the turbine is changed by vary- 
ing the steam-generating capacity of 
the boiler so as to maintain a constant 
pressure of live steam. When the unit 
operates in a regime controlled by the 
power controller of the turbine, the 
load of the turbogenerator is changed 
first and the boiler load is then correct- 
ed. Methods to control the tempera- 
tures of live and reheated steam and 
the steam temperature in the boiler 
path have been discussed in Sec. 18.4. 


23.4. Starling-up Circuits 
of Monobloc Units 


In addition to the main elements of 
the thermal diagram of a boiler, the 
starling-up circuit includes special 
starting devices and pipelines which 
are used only at start-up, shut-down 
and load shedding of the boiler. In 
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conventional boilors, these include 
devices for discharging the steam 
from the boiler into the atmosphere 
before the boiler is connected to the 
steam main. Once-through boilers 
should in addition be provided with 
means for the drainago of water into a 
drainage tank during the period before 
steam superheating is started in the 
boiler. In monobloc units, the start-up 
and shut-down regimes of the boiler 
and turbine are interrelated more clos- 
ely and are much more complicated. 
In this connection, starting-up cir- 
cuils are specially developed for mono- 
bloc units at the design stage. In 
Soviet practice, starting-up circuits, 
operating instructions and automatic 
control systems for monobloc units 
have beon typified. They are based 
on a standard procedure of starting up 
a unil by ‘sliding’ regime, i.e. by 
gradually increasing the flow rates, 
pressures and temperatures of live 
and reheated steam. This procedure 
creates the most favourable conditions 
for starting the turbine and decreases 
starting-up losses. The procedure re- 
quires no special devices for its realiz- 
ation in monobloc units with drum- 
type boilers. On the other hand, the 
drum has a large mass of metal and 
thus limits the rate of pressure rise 
in the boiler (and accordingly the 
temperature of saturation) during start- 
up. This limitation primarily holds 
for the initial period of boiler firing 
(to a pressure of 0.6 MPa) when the 
temporaturo of saturation incroases 
most rapidly with increasing pressuro. 
During this period, water retained in 
superhoater coils may often prevent 
free passage of steam from the drum 
and the pressure in the latter rises 
more rapidly. 

For the quick starting-up of a boiler, 
the starting circuit has a pipeline for 
steam discharge from the drum into 
the atmosphere (Fig. 23.7, 7), which 
is in use during the period when pres- 
sure rises roughly to 0.6 MPa. The 
sliding regime of starting-up of a 
once-through boiler cunnot be por- 
formed without special devices, since 
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Fig. 23.7. Starting-up circuit of a 200-MW monobloc unit with a drum-type boiler 


Abbieviations In the diagram: FCV—feed-water control valve; SSD—startup-slutdown device; IIPC— 
high-pressure cylinder; IPC—intermediate-pressure cylinder; LPC— low-pressure cylinder 


from the requirements of reliable tem- 
perature conditions and hydrodyna- 
mics of steam-generating water walls, 
the starling-up flow rate of feed water 
must not be less than a specified value 
(usually 30% of the rated flow rate) 
and the fluid pressure in the water 
walls must bo maintained at a level 
close to the nominal pressure. For a 
sliding starting-up regime, a once- 
through boiler is provided with an 
internal starling-up unit (Fig. 23.8) 
which comprises an internal gate 
valve, an internal separator, and pipe- 
lines with throttle valves for the 
supply of the working fluid to the 
internal separator (Thri), drainage 
of moisture (Thr2), and steam removal 
from the internal separator (Thr3). 
The internal gate valve is arranged in 
an intermediate portion of tho super- 
heater path of the boiler. The rise in 
tho enthalpy of the fluid in the path 
behind the internal gate valve at the 


rated load is usually 590-630 kJ/kg. 
The internal gate valve limits the 
throughput capacity of the internal 
separator and throttle valves. The 
internal separator ensures an increase 
in the steam-generating capacity of 
the boiler by a sliding regime with a 
constant (starting-up) feed water flow 
rato. The quantity of steam separated 
in the internal separator is determined 
by the moisture content of the st am- 
water mixture supplied, which is con- 
trolled to the specified value by vary- 
ing the fuel consumption. During that 
period of starting-up, a once-through 
boiler may be likened to a drum-type 
boiler. By means of the throttle valve 
Thri, the pressure in the steam-gener- 
ating water walls of the boiler is 
maintained close to the working pres- 
sure. During starting-up of the unit, 
the pressure of live steam (and there- 
fore, the pressure in tho internal sopar- 
ator) is determined by the steam- 
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Fig. 23.8. Slarling-up circuit of a 300-MW monobloc unit with a once-through boiler 
Abbrevialions: SSD—startup-sshutdown device, HPC— high-pressure cylinder; 1PC—intermediate-pressure 
eylinder, LPC— low-pressure cylinder; 1GV—internal gate valve, Thr— throttle valve: IS—internal separa- 

tor; SE—start-up expander, FCV—feed-water control valve 


generating capacity of the boiler and 
the positioning of the control valves 
of the turbine. The throttle valve 
Thr2 serves to regulate the removal 
of moisture separated in the internal 
separator. The throttle valve Thr3 
is used mainly to cut off the steam- 
superheating path behind the internal 
separator during the initial period of 
boiler starting when the effectiveness 
of the separator is still insufficient 
(at the steam content of the fluid less 
than 8-10%) and to control the steam 
flow rate through the superheater 
when it is connected to the circuit. 
The starting-up circuit for any type 
of boiler has a bypass line around the 
turbine (2 in Figs. 23.7 and 23.8) 
which connects the steam main direct- 
ly with the condenser. A startup- 
shutdown device in this line com- 
prises a closing throttle valve, a noise 
absorber, and a spray-type steam 
altempcrator. Live steam is dischar- 
ged through the turbine bypass line 
in the following cases: 


(a) al starting-up of the unit, for a 
period when steam temperature is 
raised to the level determined by the 
thermal conditions at the turbine inlet; 

(b) at shut-down, for the period 
during which steam is discharged from 
the boiler and the latter is cooled; and 

(c) at load shedding, for the period 
when the turbine is idle-running or 
supplies only the auxiliary load of 
the unit. 

In the USSR, single-stage bypassing 
of the turbine is the standard solution 
for monobloc units of 200-MW capa- 
city and more. Since the steam dis- 
charged through Lhe startup-shuldown 
device is not supplied to the reheater, 
the latter is arranged in a zone of 
reduced temperatures of gases. The 
boiler is allowed to operate with no 
steam supplied to the reheater at a 
fuel consumption up to 30% of the 
rated value. 

In some monobloc units ({50-MW, 
elc.), two-stage turbine bypassing is 
employed (Fig. 23.9). Live steam is 


fold © 
reheater 





Fig. 23.9. Diagram of two-stage bypassing 
of turbine 


Abbreviations: T PC— high-pressure cylinder; 

1PC—intermediale-pressure cylinder, LPC-—low- 

pressure cylinder, QPRD—quick-aclion pressure- 
reducing desuperheater 


discharged through the first bypass 
line into the cold reheat pipeline and 
is discharged froin the hot reheat line 
through the second bypass line into 
tbe condenser. In this circuit, the 
reheater can be located in the zone 
of elevated gas temperature, which 
widens the load range of the unit at 
the rated temperature of reheated 
steam. This, however, increases the 
use of expensive austenitic steel in the 
plant. Besides, for sudden shedding of 
the load, it is essential to employ 
quick-action pressure-reducing de- 
superheaters. The starting-up control 
of the unit is more complicated, since 
the steam flow rate through the quick- 
action desuperhcater should bo con- 
trolled according to the specified ratio 
of flow rates through the turbino 
cylinders. For those reasons, the two- 
stage bypassing scheme is not popular 
in the USSR. 

The start-up circuit for a drum- 
type boiler has, in addition, a pipe- 
line (3 in Fig. 23.7) through which 
the steam accumulated in the boiler 
is discharged to the atmosphere when 
the unit should he shut down when 
vacuum is broken in the condonser. 

In starting-up circuits, the heat of 
the steam discharged through tho 
turbine bypass is not utilized, since 
this is not economically justified in 
view of the short time of the regime. 
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In some monobloc units, live steam 
can be supplied through a pressure- 
reducing desuperheater into the re- 
heater system to heat up tho latter 
(see Fig. 23.7). After that, stoam 
from the hot reheat pipeline before 
the intermediate-pressure cylinder is 
discharged through steam-discharging 
lines 4 into the condenser. In once- 
through boiler units, the circuit has 
means for utilization of the hoat of 
fluid discharged from tho internal 
separator. The fluid is fed through 
pipeline 7 (seo Fig. 23.8) into the 
second separation stage — the start-up 
expander (SE); saturated steam from 
the expander is supplied into a deaer- 
ator where it gives up its heat to the 
feed water (line ? in Fig. 23.8). Under 
certain conditions (for instance, al 
start-up of the unit after a short stand- 
still), the quantity of steam separated 
in the expander may be higher than 
the quantity that can be supplied to 
the deaerator, and the surplus of 
steam is discharged through pipeline 5 
into the condenser. 

The steam removed from the expan- 
der entrains only a small fraction of 
the impurities present in tho water 
drained from the internal separator 
(they are mostly dissolved in wator). 
Thus, when this steam is fed from the 
expander lo deaerator, it practically 
does nol impair the quality of feed 
water in the boiler. Contaminated 
water can be discharged from tho ex- 
pander through a drainage pipeline 
into the circulation water conduit 6. 
When water in the expander is suf- 
ficiently clean, it is delivered through 
pipeline 7 into the condenser and then 
passes through the demincralizer. 

In order to ensure the specified water 
conditions, the starling-up circuit of 
a monobloc unit with a once-through 
boiler has pipeline 8 through which 
water (contaminated on washing the 
steam space during start-up) is dis- 
charged from the high-pressure water 
heaters into the condenser. To remove 
dirty condensate from the circuit dur- 
ing the turbine washing, there is pro- 
vided drainage pipeline 9 (see Fig. 22.8) 
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after the first-stage condensate pumps. 
During that period, clean condensate 
is supplied from the condensate stor- 
age tank through pipeline 70 immedi- 
ately before the demineralizer. During 
the unit start-up, pipeline 77 supplies 
clean condensate to the condenser. 

Starting-up circuits have special 
devices to maintain the temperature 
of live and reheated steam. A charac- 
teristic feature of drum-type boilers 
is that their steam-generating capacity 
during start-up lags substantially be- 
hind the increasing fuel consumption, 
so that tho temperature of tubes of 
the superheater rises substantially and 
may exceed the allowable limit. Besi- 
des, it is essential to maintain the spe- 
cified schedule of live-steam tem- 
perature variation before the turbinc. 
On the other hand, the condensate- 
spraying system of the main circuit 
(5-7 in Fig. 23.7) can operate only at 
boiler loads not less than 30% of the 
rated value. For this reason, there 
is provided a starting-up spray sys- 
tem with atomizing nozzles arranged 
in the condensate-spray diffusers. The 
first two groups of the spray nozzles 
(8, 9) are intended to hold the tem- 
perature of the platen superhoater 
section tubes within the safe limits, 
while the third group (Z0) maint- 
ains the specified schedule of the live- 
steam temperature growth. This group 
can be arranged in the circuit before 
the outlet stage of the superheater if 
this has favourable dynamic proper- 
ties and a limited rise of steam en- 
thalpy (up to 170 kJ/kg at the rated 
load). In once-through boiler units, 
this condition cannot usually be ob- 
served, so that the starting spray 
group is provided in the steam main 
(72 in Fig. 23.8). Moreover, the heat- 
accumulating capacity of once-through 
boilers is relatively low and there is 
no need to employ spraying to protect 
the superheater stages against over- 
heating. 

In the sliding starting-up regime, 
the pressure of feed water is much 
higher than that of live steam. The 
pressure of water in a once-through 
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boiler unit, which is continuously 
fed with water, is reduced by means 
of a constant-flow rate circuit com- 
prising a bypass line 73 (see Fig. 23.8) 
with a set of orifices and a line 74 
with throttle valve Thr4 for recircul- 
ating water into the deaerator. The 
valve Thr4 maintains a constant pres- 
sure ‘before itself’, which makes it 
possible to redistribute water between 
the starting spray and deaerator at a 
constant total water flow rate and in 
the set of orifices at a constant pres- 
sure gradient. This circuit allows water 
to be supplied to the starting spray 
from the discharge of the feed pump. 

This scheme is inapplicable in cir- 
cuits with drum-type boilers, since a 
boiler is fed with water during a cer- 
tain period of firing from neighbour- 
ing units through a crossover feed 
water pipeline (ZZ in Fig. 23.7), so that 
recirculation of water to the deaerator 
of the unit being started would cause 
overfilling. Because of this, the pipe- 
line for supplying water from the cros- 
sover line 77 is provided with the 
main contro! valve 72 in which the 
excessive prossure gradient is reduced. 
When the boiler is changod to fooding 
from its own feed pump, the starting 
sprays are switched over to the feed 
water pipeline 73. 

The feed water supply to the drum- 
type boiler is controlled by means of 
bypass lines 74 with a reduced through- 
put capacity and the main foed water 
control valve. In the once-through 
boiler circuit, only the main feed 
water control valve is provided, since 
the minimal flow rate of feed water is 
much higher than in the drum-type 
boiler. 

In most cases, the starting regime 
of a monobloc unit should ensure a 
reduced reheated steam tomperature 
level and further control of this tem- 
perature according to the specified 
schedule. In view of the dynamic pro- 
perties of the reheater and some other 
factors, the main means of control 
can be used only beginning from loads 
of 25-30% of the rated value. A me- 
thod for starting control that is widely 
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used in all types of monobloc units is 
steam bypassing in the reheating sys- 
tem (lino 75 in Figs. 23.7 and 23.8). 
Part of the stoam is passed from the 
cold reheat line into the hot reheat 
line, thus lowering the temperature 
gradient, and therefore, the heat ab- 
sorption in the reheater. As steam from 
the cold reheat line is mixed with 
that in the hot reheat line, the tem- 
perature of tho reheated steam can be 
controlled at a lower level. In once- 
through boiler units, a starting spray 
is additionally provided in the steam 
main (Z6 in Fig. 23.8), which is used 
to control the temperature of reheated 
steam upon closing tho steam bypass. 
Feed water to the starting spray is 
suppliod at a pressure of more than 
7 MPa from the intermediate stage 
of the feed pump, so that there is no 
need to control tho wator pressure in 
the spray line. In somo cases, only 
onc means of reheated steam temper- 
ature control is employed. It is pos- 
sible to employ steam bypassing only, 
if it has been established by boiler 
tests that tho rcheater has reliable 
temperature conditions at the maxi- 
mum load at which tho steam bypass 
will be used. The allowable conditions 
for starting spraying aro determined 
by the minimal flow rate and pressure 
of steam at which moisture will bo 
evaporated completely in the steam 
flow and will not precipitate on the 
internal surface of the steam main, 
especially in the nearost bend after tho 
spray. Depending on the test results, 
the distance from the spray to the 
nearest bend of the steam main should 
be not less than 18-25 m. 

The starting circuits discussed above 
have been employed in monobloc units 
of a capacity of 500, 800 and 1200 MW. 
Their specifics aro determined by the 
application of feed pumps and in 
some units, of air blowers driven by 
steam turbines. To this end, the cir- 
cuits can bo supplied by steam from 
other plants to drive these turbines 
and also can be fed with live steam 
(through the startup-shutdown dovice 
of the quick-action desuperheater) at 


load shedding. Starting-up circuits of 
monobloc units are described in more 
detail in (412, 43]. 


23.5. Shut-down and Load-shedding 
Regimes 


Before normal (not emergency) shut- 
down, the boiler of a monobloc unit 
should be unloaded, i.e. its load should 
be shedded. When shutting down for 
a short time (for instance, overnight), 
the hot stato of tho plant is usually 
retained wherever possible, so that 
load shedding is limited (for the most 
part not less than 50% of the rated 
load). When shutting down for a longor 
time, it is advisable to utilize the 
accumulating capacity of tho boiler 
as much as possible. This is favoured 
by the deep unloading of the unit 
with sliding (variable) pressure of live 
steam. In addition to this, upon flame 
extinction in the boiler furnace, the 
turbogenerator is left for a certain 
time connected to the system so as to 
work off the accumulated steam in the 
boiler. The load-shedding conditions in 
a drum-type boilor are determined by 
the rate at which the saturation tem- 
perature in the drum decreases; this 
should not exceed 1.5-2 deg C/min. 
The rate at which load shedding oc- 
curred in a once-through boiler by the 
action of its automatic control system 
is determined only by the dynamic 
properties of the boiler. 

A boiler is shut down by interrupt- 
ing the fuel supply to the burners and 
the supply of feed water. In drum- 
type boilers, tho drum is first filled 
with water to the upper working levol. 
Upon flame extinction in: the furnace, 
the draft fans remain in operation for 
10-15 minutes to prevent the accum- 
ulation of an explosive mixture in the 
gas-air path, which is thus ventilated. 
During the standstill, measures aro 
taken to prevent the condensation of 
steam in superheater tubes, since this 
might involve complications in sub- 
sequent firing of the boiler and de- 
crease the boilor reliability. In view 
of this, as a once-through boiler is 
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shut down to reserve and the feed 
water supply to it is discontinued, the 
water path up to the internal gate 
valve is closed (by closing the feed 
water valve, internal gate valve, and 
the fittings of the internal scparator) 
and steam is discharged from the 
superheater (via the startup-shutdown 
device) and reheater (via the dis- 
charge lino from the steam mains) 
inte the condenser. When shutting 
down a drum-type boiler, the pressure 
in it is reduced gradually (by steam 
discharging through the startup-shut- 
down device of tho desuperheater), 
so as to maintain tho saturation tem- 
perature bolow tho temperature of 
flue gases in the superheater, i.o. by 
forming conditions preventing the con- 
densation of live steam in the supor- 
heater. The drum is periodically fed 
with water. The reheater is freed from 
stoam in the same way as in a once- 
through boiler. 

When the cold shut-down of a mono- 
bloc unit must be performed, requir- 
ing that all boiler equipment be cooled, 
load shedding is carried with the gra- 
dual reduction of the pressure of live 
steam. In a once-through boiler, the 
internal gate valve is closed at a load 
roughly 60% of the rated value and 
the pressure in the path up to this 
valve is then maintained constant. In 
both types of boilers, the temperature 
of live steam is lowered together with 
its pressure at a rate allowed by ther- 
mal stresses in massive metallic ele- 
ments of the boiler, pipelines and tur- 
bine. At the samo time, the tompera- 
ture of reheated steam is lowered. The 
superheater and reheator can thus be 
cooled roughly to 300°C. 

Whon it is neoded to cool a drum- 
type boiler and stoam pipelines for 
repairs, as the boiler furnace is extin- 
guished and tho turbine switched off, 
tho steam accumulated in tho boiler 
is discharged into the steam main of 
tho station, the turbine condenser or 
the atmosphore. Tho water level in 
the drum is raised to the upper mark 
(roughly 200 mm below the top surface 
of the drum); this measure can minim- 





ize the tomperature difference between 
the Lop and bottom of the drum (which 
should bo not more than 40 deg C). Ata 
pressure of 0.6-0.8 MPa in the boiler, 
the gas-air path is intensively ventila- 
ted. Once-through boilers have no mas- 
sive metal elements (such as the drum) 
and can be cooled more quickly. The 
load shedding of a unit up to the fur- 
nace extinction and turbine switch-off 
is carried out at the rated pressure 
of live steam. ln supercritical-pres- 
sure boilers, steam discharging is then 
started through the steam drainage 
before the steam-outlot valve, with 
the startup-shutdown dovice being 
closed. When the temperature of live 
steam has dropped down roughly to 
420°C, tho feed wator supply to the 
boiler is restarted at a flow rato of 
10-15% of the nominal valuo. Duo to 
the heat accumulated in the boiler, 
the temperature of fluid along tho path 
decreases gradually. As the water tom- 
perature drops down roughly to 300°C, 
the flow rate of the feed water is in- 
creased up to 30% of the nominal 
value and water is pumped through 
the path until the complete cooling 
of the boiler and pipelines is accom- 
plished. In subcritical-pressure mono- 
bloc units, the once-through boiler and 
pipelines are cooled by gradually de- 
creasing the saturation temperature 
at the superheater outlet. To perform 
this, as the feed water supply to the 
boiler is restored at 10-15% of the 
nominal flow rate, the pressure in the 
boiler is maintained constant (by 
means of the startup-shutdown device) 
until the temperature of fluid at the 
boiler outlet drops down to tho satur- 
ation point. The food water flow rate 
is then incroased to 30-40% of the 
nominal valuo and, sinco tho boiler 
has accumulated an appreciable quan- 
tity of hoat, the fluid at its outlet is 
for an appreciable time in tho state of 
a stoam-water mixturo. Tho reduction 
rate of the saturation tomperature can 
be controlled properly by rogulating 
the pressure reduction rate of the fluid; 
this ensures the desired cooling rate 
of the plant. Similar methods are em- 
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ployed for cooling the path of once- 
through boilers up to the internal 
gale valve. 

In emergency situations, a boiler 
is shut down with ‘pressure retention’. 
As the furnace is extinguished, the 
feed water control valve and steam- 
outlet valve are closed, the turbo- 
generator is switched off, and the 
startup-shutdown device is kept closed 
if the pressure of the live stoam is 
below the actuating pressure of the boi- 
ler safety valves. In this method, the 
pressure and temperature of fluid 
along the boiler path are first hold 
al the same values as in normal oper- 
ation. After that, they diminish slowly 
owing to heat transfer to the surround- 
ings and loose fittings of the water- 
steam path. If the trouble is elimin- 
ated quickly, this method of shutting- 
down makes it possible to start the 
boiler from the stale of hot reserve. 
Otherwise, shutting-down is continu- 
ed and steam from the superheater is 
discharged. 

Emergency shut-down of a boiler 
must be carried oul immediately in the 
following situations: 

(1) when the water level in the drum 
passes beyond the safety marks or the 
supply of feed water to one of the flows 
in a once-through boiler is interrupted 
for more than 30 s; 

(2) on failure of the water-level gau- 
ges in a drum-type boiler or of the 
feed water flowmeters in a once- 
through boiler; 

(3) when there is no flow of steam 
through the reheater; 

(4) when the pressure has risen in- 
tolerably (in once-through boilers, a 
pressure drop is also dangerous); 

(5) on rupture of tubes in the water- 
steam path; 

(6) on flame extinction in the furn- 
ace, explosions in the furnaco or gas 
ducts, or inflammation of combustible 
deposils in convective heating sur- 
faces; 

(7) on an intolerable reduction of 
the pressure of gas or fuel oil behind 
the control valve; 

(8S) when there is no voltage at re- 
2u 01524 
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mote-contro] devices and measuring 
and control instruments; and 

(9) on switching off of the turbine 
(in monobloc units) or of some of the 
auxiliary equipment (draft fans, blo- 
wers, ¢ctc.). 

In all such cases, a delayed shut- 
down can aggravate the situation and 
cause serious damage, so that the 
boiler operator is instructed to stop 
the boiler without waiting for per- 
mission from the station management 
or load dispatcher of the power system. 

An emergency shut-down of a boiler 
is effected by the protection system 
on receiving the signal on the appear- 
anco of some or other emergency situ- 
ation. If the protection system fails, 
the required procedures should be 
carried out by the operating personnel. 
Those Functions are facilitated by pro- 
vision of light and audio signalling 
means on the control board of the 
unit. 

In certain situations, a boiler can be 
shut down only upon agreement with 
the station management, since the 
development of a failure and serious 
consequences are only probable after a 
certain time. Such situations include 
the appearance of small failures 
(cracks) in the water-steam path elem- 
ents, a rise in the temperature of the 
metal of particular heating surfaces, 
low quality feed water, failures in the 
protection systems, automatic control- 
lers, measuring and contro] instrum- 
onts, remote-control devices, etc. In 
such cases, measures first should he 
taken to eliminate the trouble and if 
these fail, it should be decided how 
long the boiler can be in operation 
before shut-down. 

If a group of the auxiliary equip- 
mont is switched off, the boiler load 
should be immediately shedded to 
avoid heavy damage to the equipment. 
For instance, if one of the two induced- 
draft fans has been stopped, the flame 
will shoot out from viewholes, blow- 
down holes, etc. and can cause fire in 
the boiler room, damage to the boiler 
structure, etc. If one of two forced- 
draft fans is stopped, this may cause 
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flame extinction, the accumulation 
of unburned fuel in the furnace and 
its explosion which can lead to scrious 
consequences. As may be clear from 
these examples, the prime task in 
such situations is to diminish the fuel 
consumption to a sufficient level for 
operation of the remaining equipment. 
At the same time, it is essential to 
contro} the flow rate of feed water and 
the tomporatures of live and reheated 
steam and to change the lond of tho 
steam consumer and of the auxiliary 
equipment that still remains in oper- 
ation. In some cases, certain swit- 
chings should be made in the circuits 
of the water-steam and gas-air paths. 
All these procedures are performed by 
the protection system or special sys- 
tems for automatic load shodding of 
the unit. Nonetheless, the operating 
personne! should be always ready to 
perform these procedures by means of 
remote-control devices. For this reas- 
on, the personne! is periodically train- 
ed to cope with emergency situations. 
Training simulators are used offectiv- 
ely for the purpose. 

An extreme caso among the above is 
load shedding of a unit to a level at 
which the boiler supplies only its auxili- 
ary equipment. 

As has been demonstrated by boiler 
tests, a drum-type boiler in such cases 
can be shut down while the turbo- 
generator continucs operation by con- 
suming the steam accumulated in the 
boiler. In monobloc units with once- 
through boilers, the load of the boiler 
in such a situation decreases rapidly 
to the firing load (roughly 30% of the 
rated load). In boilers fired on solid 
fuel, part of the burners are closed 
(together with their fucl-supplying 
means) and fuel-oil burners are swit- 
ched on in order to ‘brighten’ the 
flame. In some cases, the furnace 
should be changed completely to fuel- 
oil firing. At the same timo, all the 
procedures required for partial load 
shedding are performed, but since the 
regime has heen disturbed more sub- 
stantially, it is more difficult to sta- 
bilize it. If these procedures are not 
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properly conducted, this can lead to 
emergency situations. In boilers with 
a single bypass in the starting-up cir- 
cuit, it is especially important to cut 
down the fuel consumption as quickly 
as possible, since otherwise ‘burn- 
through' of the reheater tubes is likely 
to occur. In view of this, it is pre- 
scribed by boiler rules that a monobloc 
unit can continue its operation only 
if its protection system and automatic 
contro] systems are intact. 


23.6. Regimes of Boiler Firing 
and Unit Starting 


These regimes include the following 
three main stages: preparatory pro- 
cedures, boiler firing proper, and rais- 
ing the load to the specified value. 
These regimes will be deseribed as 
applied to monobloc units. the most 
advanced equipment of modern ther- 
mal power stations. The first, ‘pre 
paratory’, stage includes ‘assembling’ 
the water-steam. fuel, and gas-air 
paths, preparing all mechanisms and 
systems, creating vacuum in the turb- 
ine condenser, pre-starting deacration 
of feed water, ctc. A drum-type boiler 
is filled with water as requirod. The 
water level in the drum should be 
somewhat below the normal mark so 
as to allow ‘swelling’. A once-through 
boiler is to be filled with water in all 
firing regimes, except for firing from 
the stato of hot reserve. As water is 
fed into the boiler, it displaces air 
from the system (provided that the 
air pressure is not excessive). In a 
once-through boiler, the feed water 
flow rate is adjusted at the starting-up 
level and the water pressure is raised 
to the working value by closing the 
throttle valve Thri (with the internal 
gate valve being closed). In boiler 
firing from the hot state, first n reduc- 
ed flow rate of water is established 
(10-15% of the nominal value), which 
makes it possible to slowly cool the 
boiler path up to the internal gate 
valve and internal separator. The 
starling-up flow rateJof water is set 
in upon raising the water pressure 
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before the internal gate valve. Water 
from the internal separator is dis- 
charged into the start-up expander 
Sis and further into the circulation 
conduit (6 in Fig. 23.8). The startup- 
shutdown device is opened Lo create 
vacuum in the superheater (except for 
cases of starting from hot reserve). 
This procedure is also carried out in 
a drum-lype boiler if there is no 
excessive pressure in it; this ensures 
a slower rise in the saturation tom- 
perature of tho drum during firing. 
In cases when the startup-shutdown 
device is initially closed, its opening 
is performed only upon firing the 
furnace, so as to maintain a constant 
pressure of the live steam that has 
been generated to that moment. 

During boiler standstills, moisture 
may accumulate in some stages of the 
superheater, though certain measures, 
as indicated in Sec. 23.5, have been 
taken to prevent this. Besides, un- 
tightness of the internal gate valve 
and throttle valve Thr3 in a once- 
through boiler may lead to moisture 
accumulation in the pipeline and the 
first heating surface behind tho in- 
ternal gate valve. This moisture can 
be ‘pushed out’ into the hot headers 
of the boiler during firing and cause 
their cracking. In a drum-type boiler, 
this may result in a quicker pressure 
rise in the drum at the initial stage of 
firing, which, in turn, diminishes the 
allowable heating intensity in tho 
furnace. By opening the startup-shut- 
down devico, the superheater is con- 
nected with the condenser which pro- 
motes the evaporation of moisture 
from the superheater tubes during 
boiler firing. 

After switching on the draft fans, 
ventilating tho gas-air path, and pre- 
paring fuel-supply mechanisms, tho 
regime of burner firing is carried out 
(firing fuel-oil or gas burners are ignit- 
ed). It is advisable to carry out the 
boiler firing by igniting as many 
burners as possible with the least fuel 
flow rate through each of them; this 
is essential for the uniform heating of 
the water walls around the furnace 
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periphery und for minimizing local 
thermal stresses; in drum-type boilers, 
this measure is additionally essential 
for the development of circulation in 
all the water walls. As established by 
tests of the existing drum-type and 
once-through boilers in the USSR. the 
flow rate of fuel during the initial 
period of firing should not exceed 20% 
of the nominal value. Under such 
conditions, the tube wall temperature 
of superheating surfaces does not ex- 
ceed the allowable limit even in no- 
load operation of the boiler. In boiler 
starting from a cold or warm state, tho 
initial flow rate of the fuel is control- 
led at a level of 12-15 44 of the nominal 
value. In a drum-type boiler, this 
eusures the quick development of cir- 
culation in water walls and, on the 
other hand, the rale of pressure rise 
in the drum is within the tolerable 
limits (with steam discharge from tho 
drum to the atmosphere or with the 
drainable superheater). Irrespective of 
the type of boiler, the indicated flow 
rate of fuol is sufficient for heating 
the steam pipelines. 

In starting from the hot state, the 
fuel flow rate in the initial period is 
established at 20% of the nominal 
value or, if there is steam flow through 
the superheater, is increased addition- 
ally so as to attain the required tem- 
perature of live and reheated steam. 

As the initial flow rate of fucl has 
been established in a once-through 
boiler, the flow rate of the feed water 
and the pressure of fluid before the 
internal gate valve are maintained 
constant. As the pressure of fluid in 
the start-up expander SE has risen 
up to 0.4-0.5 MPa, steam from the 
expander is removed to the deaerator 
and, when a sufficient quantity of 
drain water has been accumulated, tho 
cycle is closed (by switching over water 
discharge from the start-up expander 
from the circulation pump to the 
condenser). A drum-type boiler during 
this period of firing is periodically 
fed with water from neighbouring 
monobloc units (lines 77 and 73 in 
Fig. 23.7) so as to maintain the water 
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level within tolerable limits. In boil- 
ers with boiling-type economizers, the 
regime with periodic water feeding 
and a low constant flow rate of water 
can in some cases lead to a substantial 
maldistribution of heat and hydraulic 
maldistribution. Some water-distrib- 
uting tubes may supply the fluid of 
a higher enthalpy (up to superhcated 
steam) to the drum. This is prevented 
by maintaining the specified tem- 
perature of fluid in an intermediate 
section and at the economizer outlet 
by properly controlling the flow rate 
of water and by increasing the rote of 
blowdown on an increase in the water 
level in the drum. 

As the initial flow rate of [uel has 
been established, it is possible to 
raise the flow rale and parameters of 
live steam in a drum-type boiler or 
the lemperaturo of fluid before the 
internal gale valve (tiey), in a once- 
through boiler. The temperature of 
the fluid determines its moisture con- 
tent on entry to the internal separator. 
As found from tests, the internal 
separator can operate efficiently at 
a dryness fraction of 8-10% (tigy = 
-- 250-270°C), and therefore, it is pos- 
sible to connect the superheater to the 
circuit. This procedure is performed 
by gradually opening the throttle 
valve Thr3 (in steps of 10-15% in 
2-3 minute intervals). As the super- 
heater is connected to the circuit, the 
temperature of tube metal in the 
heating zone decreases. At the same 
time, the temperature of steam at the 
boiler outlet gradually increases, since 
the heat-transfer coefficient a, in- 
creases with the flow rate of the steam. 
Since the throttle valvo Thr2 is still 
fully open at this stage of starting-up, 
part of the steam is discharged to- 
gether with water from the internal 
separator into the start-up expander. 
Thus, the noxt procedure is to close 
the valve Thr2 which is carried out 
to ensure removal of all moisture and 
part of steam (roughly 5% of the 
flow rate of drain water) from the in- 
ternal separator, which increases its 
efficiency. Further, as the dryness 
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fraction of the fluid in the internal 
separator increases, the valve ‘Thr2 
is closed more, until it is completely 
closed upon appearance of superheated 
steam before the internal separator, 
which is an indication of a change 
from a separaling regime to a once- 
through regime having taken place in 
the boiler. 

As the steam flow rate through the 
superheater increases, the steam mains 
are gradually heated. Steam is dis- 
charged from them through the start- 
up-shutdown devico and the drainage 
of the dead-end sections. Heating is 
usually carried out until the tem- 
perature of steam before the high- 
pressure cylinder of tho turbine is 
roughly 100 deg C higher than the 
temperature al the steam inlet. In 
units provided with a pressure-reduc- 
ing desuperheater (sce Fig. 23.7), tho 
reheater system is heated by supply- 
ing live steam to the colil reheat pipe- 
line and discharging il from the hot 
reheat pipeline into the condenser. 
This heating is only started when the 
temperature of steam before the de- 
superheater exceeds the tempcrature at 
the discharge end of the high-pressure 
cylinder of the turbine, so as to avoid 
cooling of that section. Tho end of 
heating of the hot reheat pipeline is 
determined by the temperature of 
steam before the intermediatc-pres- 
sure cylinder of the turbine which 
exceeds the temperature at the steam 
inlet by 50-80 deg C. In suporcritical- 
pressure monobloc units for 300 MW 
and 500 MW, there is no desuper- 
heater in the starting-up circuits 
(Fig. 23.8) and the rohenter system 
is heated by the ‘combined’ method. 
The turbine rotor is pushed by opon- 
ing the control valves and the fre- 
quency of its rotation is thon raised to 
800-1000 rpm. Live steam passes 
through the high-pressure cylinder and 
the reheater system and is discharged 
from the hot reheat pipeline into the 
condenser, with the valves of the in- 
termediate-pressure cylinder being 
closed. As proven by tests, the rotors 
of the intermediate- and high-pressure 


23.6. Regimes of Holler Firing and Unit Starting 


309 





cylinders can operate at a low frequen- 
cy without steam being. passed through 
them. On the other hand, since only 
the high-pressure cylinder is actually 
in operation, the flow rate of steam is 
quite high and ensures quick heating 
of the reheater system. In some cases, 
vacuum in the turbine condenser is 
lowered in order to further increase 
the flow rate of steam through the 
system. 

In some regimes, a monobloc unit 
can be started without preheating the 
steam pipelines, in particular, the 
regime of starting from the hot stale. 
Moreover, when the thermal insula- 
tion is in proper condition, a unil can 
be started without preheating the 
reheater system after a standstill for 
1-2 days. A criterion of such regimes 
is a decrease in the steam temperature 
by not more than 20-30 deg C com- 
pared with the temperature at the 
steam inlet to the turbine, 

As preheating is completed, the flow 
rate of fuel is corrected so as to ensure 
the sleam-generaling capacily of the 
boiler at which the initial load of the 
turbo-generator will be around 5% 
of the rated value. In starting-up from 
a cold or a warm state, the flow rate 
of the fuel is usually established at the 
minimal level so as to obtain more 
easily the required low temperature of 
live and reheated steam. In starting-up 
from the hot state, however, the flow 
rate of fuel is increased to the upper 
limit (30% of the nominal value in 
the circuits with single bypass) to 
obtain a steam temperature close to 
the nominal value. 

Before pushing the turbine rotor, 
the starting sprays are switched on 
and the temperature of live steam is 
established at a desired level. In a 
once-through boiler, the throttle valve 
Thr4 in the line of water recirculation 
to the deacrator is set so as to obtain 
a steam pressure before the starting 
spray nozzles that is 1.5-2.0 MPa 
higher than the pressure of live steam. 
In a drum-type boiler, the desired 
steam temperatures behind the stages 
of the superheater are additionally 


preset. In some 200-MW and 300-\IW 
monohloc units, the temperature of 
the reheated steam is controlled by 
the steam bypass. In units of higher 
capacities (500, 800 and 1 200 MW), 
there is no steam bypass and only the 
starting sprays to the steam main, 
which are pul in operation before con- 
necting the turbo-generator to the 
electric network, are used. Before con- 
necting the turbo-generator to the 
network, when its rotor is accelerated 
and synchronized, the steam-generat- 
ing capacity of the boiler and the 
temperature of live steam are main- 
tained constant. During this period, 
the temperature of the reheated steam 
gradually increases for the same reas- 
ons as on connection of the super- 
heater. 

The temperature of the reheated 
steam rises especially sharply on con- 
nection of the turbo-generator, i.e. 
when the steam flow rate through the 
reheater system is almost doubled. 
For this reason, it is important to 
switch on in due time the devices 
which control the temperature of 
reheat. In units with once-through 
boilers, the startup-shutdown device. 
is not closed during the period of 
turbogenerator synchronization, so 
that all the control valves of the 
turbine are opened (and heated) due 
to a drop of pressure in the live steam. 
In units with drum-type boilers, the 
startup-shutdown device is partially 
closed to maintain a constant pressure 
of live steam, which improves the 
Operating conditions of the boiler 
drum and control over the steam 
temperature. As the turbo-generator 
is connected to the network, the 
startup-shutdown device is closed and 
the unit begins to supply the initial 
load. 

At the third stage of starting (load- 
ing) n monobloc unit, its elements are 
heated from the initial temperature to 
the final temperature corresponding to 
its operation under the rated con- 
ditions. An attempt to shorten the 
time of loading may result in the 
quick heating of the boiler elements 
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and the appearance of high temper- 
ature gradients. For instance, if a 
wall of a thickness k is heated at a 
rate V. “C/min, the temperature gradi- 
ent across the wall is: 


h? 
Qa 
where a is the thermal diffnsivity of 
the wall metal, m?/h. 

If a wall is heated at a constant 
rate V, the temperature stresses in it, 
Gat, are linearly related to the tem- 
perature gradient: 


At=—_V (23.5) 


- Adak M (23.6) 
where æ is the coefficient of linear 
expansion, Æ is the elastic modulus 
of the metal, and A is a proportion- 
ality factor. 

lt then follows that the highest tem- 
perature gradients and highest tem- 
perature stresses can appear in massive 
thick-walled elements, such as the 
housing and rotor of a turbine, the 
drum and headers of a boiler, and 
filtings of the steam mains. In such 
ceases, Compressive stresses appear in 
the heated surface of an clement and 
tensile stresses in its unheated surface. 
Upon heating an element, temperature 
stresses diminish to zero and often 
even change sign. Stresses of an in- 
verse sign can form in elements on the 
reduction of the steam temperature 
or the shut-down of the unit. With 
frequently repeated starlup-shutdown 
regimes. thermal stresses vary cyclic- 
ally and can cause fatigue cracking 
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of the metal. The number of cycles N 
to cracking deponds on many factors, 
the principal one being the amplitude 
of stresses in a cycle: Ao = Omas — 
— Omin: The number of cycles N is 
inversely proportional to the square 
of Ac. The allowable stresses in 
elements of a monobloc unit depend 
on the expected number of startup- 
shutdown regimes during its cam- 
paign. These stresses, in turn, deter- 
mine the allowable heating rates of 
these elements. 

In view of the above, the load of a 
unit should be increased strictly in 
accordance with the specified rate 
of raising the parameters of live and 
reheated steam. As an example, 
Fig. 23.10 gives the starting curve for 
a 300-MW monobloc unit after n 
standstill for 60-90 h. As may be 
seen, the rate of raising the temper- 
atures of live (¢,,) and reheated steam 
(tyn) should differ depending on the 
initial thermal state of the turbine 
(ture, tipec), so as to ensure the most 
roliable regime of load application to 
the turbine. Similar conditions should 
naturally be ensured in monobloc units 
with drum-type boilers. Up to a load 
of 25-30% of the nominal] value, steam 
temperature is controlled only by the 
starting devices. After that, the main 
control devices are switched on, and 
the starting devices are either swil- 
ched off or used for the fine correction 
of steam temperature. 

The pressure of live steam is increas- 
ed in a ‘sliding’ mode. The way this 


Fig. 23.10. Main characteristics 
of cold starting-up of a 300-M W 
monobloc unit 


n—turbine rotor frequency; N— 
lurbogenerator lond; Pa— live stenn 
pressure 
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mode is realized, however, depends on 
the particular characteristics of the 
equipment. For instance, in monobloc. 
units wilh drum-type boilers provided 
wilh radiant superheater sections on 
furnace walls and a boiling-type econo- 
mizer (such as the TGM-94 boiler), 
the pressure of live steam is raised by 
an accelerated schedule. Upon connect- 
ing the lurbogenerator to the net- 
work, ils control valves are set into 
a position in which the pressure of live 
steam rises to the nominal value, al- 
ready at a load that is 40-50% of the 
rated value. In such a case, heat con- 
sumption for accumulation in the 
fluid and tube metal takes place at 
a reduced temperature level of the 
fluid, so that the load of the boiler 
can be raised more quickly with the 
temperature of the tube metal in the 
radiant superheater remaining within 
the tolerable limits. Besides, an in- 
crease in the pressure at low loads 
improves the thermal and hydraulic 
characteristics of the boiling cconom- 
izer. A similar regime is employed in 
monobloc units with supercritical- 
pressure once-through boilers, the only 
difference being that the rated pres- 
sure of live steam is atlained at a 
load roughly 60% of the nominal value 
and is determined by the throughput 
capacity of the starting unit of the 
boiler. As the load increases to this 
level and the steam pressuro remains 
al the nominal value, the internal 
gate valve is opened. In 200-MW 
monobloc units with drum-type and 
once-through boilers, as the turbo- 
generator is connected to tho network, 
the control valves of the turbine are 
opened fully and the rated pressure of 
live sleam is attained only at the 
nominal load. In once-through boiler 
monobloc units, however, tho through- 
pul capacity of the internal separator 
and its fittings is not more than 60% 
of the nominal load. For this reason, 
as lhe nominal load is attained, the 
pressure of live steam before the tur- 
bine is raised to the nominal value 
and, at the same time, ils temperature 
is increased so as to obtain a constant 


temperatnre behind the control valves 
of the turbine. The internal gate valve 
is then closed and the boiler trans- 
ferred to the nominal pressure. 

Solid fuel-fired boilers aro transfer- 
red from starting fuel (gas or fuel 
vil) to solid fuel, if the load is 15-30% 
of the nominal value, and the consum- 
ption of the firing fuel is gradually 
reduced. As the boiler begins to supply 
the specified load, the elements of the 
starting circuit which are used only 
at start-up and shut-down are switched 
off and the voltage supply to the cor- 
responding drive means is discon- 
tinued. 

Conventional boilers (not in mono 
bloc units) are starled essentially in 
the same way, except for the specific 
procedures typical of monoblocs. 

A special case is starting n once- 
through boiler from the state of hot 
reserve. For supercritical-pressure boil- 
ers, this regime is allowed provided 
that the pressure of the live steam has 
remained above the critical value 
after the period of standstill. In 
subcritical-pressure boilers, subcool- 
ing of the water at the inlet to the 
lower radiation section should not be 
less than 15 deg C. Otherwise, as fol- 
lows from experience, the water walls 
of the lower radiation section may 
incur substantial damage during boil- 
er starting from the non-uniform dis- 
tribution of fluid between the tubes 
(as regards its flow rate and enthalpy). 
With these conditions observed, the 
boiler is started by the method of 
quick transfer to the regime of normal 
operation. Since the parameters of the 
fluid vary only slightly during the 
period of standstill in hot reserve, 
starting is performed by controlling 
the starting flow rate of tho feed wa- 
tor, afler which the fuel-oil burners 
are put in operation for 2-3 min, 
with the flow rate of fuel oi] controlled 
according to the flow rate of the feed 
water. Since the flow rate of fuel 
lags somewhat behind that of feed 
water, the temperature of live steam 
first decreases (by 30-50 dog C), and is 
then restored to the rated level. The 
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pressure of live steam is maintained 
constant by opening the startup-shut- 
down device. When these procedures 
are properly carried out, the starling 
of a boiler takes only 15-20 minutes. 

Some monohloc units, especially 
those which supply a variable portion 
of the load curve, are started by an 
automatic process control system. In 
modern plants, such systems can per- 
form automatic control of a given 
process and carry out discrete oper- 
ations by means of logic control units. 
These units can switch on and off the 
mechanisms of the auxiliary system 
of a boiler, change the position (open 
or close) of closing valves, switch on 
and off automatic controllers, switch 
over the controllers from some actuat- 
ors lo others, alter the structural 
schemes of the controllers, etc. Before 
performing a particular operation, a 
logic control unit checks that the 
operation is allowed. In monobloc 
unils provided with an automatic 
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contro] system of this type, the hoiler 
operator has the following additional 
functions: 

(1) to perform preparatory operat- 
ions for starting the unil and select 
the reserve mechanisms which will he 
swilched on automatically; 

(2) to supervise the functioning of 
the equipment and perform manual 
control should a failure occur in the 
operation of a particular automatic 
controller; 

(3) to correct the operating condit- 
ions (when needed) by adjusting the 
set-point devices of automatic control- 
lers; 

(4) to check the state of the equip- 
ment upon completion of a particular 
stage of the starting regime and issue 
commands for a next stage. 

Thus, the automatic contro! system 
of a monobloc unit is a complex of the 


technical means of control and the 
operating personnel which co-operates 
with these means. 


A 


STEAM GENERATORS OF NUCLEAR POWER STATIONS 


24.1. Classification and Characteristics 
of Steam Generators for Nuclear 
Power Stations 


According to the thermal diagram 
of a nuclear power stalion, steam is 
gencrated either directly in a boiling- 
type nuclear reactor or in heal-ex- 
change steam generators in which 
heat is transferred from a coolant 
supplied from the reactor to the work- 
ing fluid (water, from which steam is 
produced). Thus, the steam generator 
is an essential element of two- and 
three-circuil nuclear power stations. 
In single-circuit’ nuclear power stat- 


ions, the function of steam generator is 
performed by the nuclear reactor pro- 
per. 

Water, gases and liquid metals can 
be used as reactor coolants, and there- 
fore, as the heat-transfer agents in 
the steam generator. An aqueous cool- 
ant in the primary circuil, as a sub- 
stance having a low bailing point, 
cannol be heated to a substantially 
high temperature. This requires main- 
taining a high pressure in the primary 
circuit, which makes the whole path 
too complicated and expensive. 

Liquid metals and gases have no 
limitations as regards their temper- 
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Fig. 24.1. t, Q-diagram of a steam generator 
with a gaseous coolant (superheated steam of 
a particular pressure) 


ature at the reactor outlet. Liquid 
metals possess favourable thermophy- 
sical properties and can be easily 
heated to high temperatures without 
taking special measures lo intensify 
heal transfer, On the contrary, gases 
have poor thermophysical properties 
and at atmospheric pressure cannot be 
used as coolants which could ensure 
suitable heat-transfer coefficients. It 
is possible to intensify beat transfer 
from gases by increasing the mass flow 
rate of a gas flow, i.e. by raising the 
gas pressure in a circuit. Therefore, 
steam of high or supercritical para- 
meters can only be produced by using 


a gas or liquid metal, which are high- 


temperature coolants. For instance, 
if the coolant at the reactor outlet 
(or whal is the same, at the inlet to 
the steam generator) has a temperature 
@; = 600-650°C, it can ensure steam 
superheating lo the standard parame- 
ters (p = 13-24 MPa and t,, = 545°C). 
Figure 24.1 shows the £, Q-diagram of 
such a steam generator. In this dia- 
gram, the temperatures of the coolant 
and working fluid are laid off as ordin- 
ates and the quantitics of heat trans- 
ferred to the heating surfaces of steam 
generator, as abscissae, 

Water is a low-temperature coolant. 
If it is needed to generate sleam at 
a pressure as high as possible (for 
instance, p = 6.4 MPa and temper- 
ature of aqueous coolant at the inlet, 
ti = 320°C), the degree of super- 
heating will be only 20 deg C. This is 
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illustrated in Fig, 24.2. Assuming 
the temperature gradient between the- 
coolant (pressurized water) and work- 
ing fluid to be At = 25 deg C so as 
to ensure active heat transfer, the 
degree of superheating that can be 
obtained at p = 6.4 MPa will be 
only At‘ = 17 deg C. For this reason, 
nuclear power stations with aqueous 
coolant usually operate on saturated 
steam of a pressure of 5-7 MPa. When 
supplied to the turbine, wet sleam 
(w < 0.2%) can cause erosion of steam- 
distributing devices and lower the 
turbine reliability. To prevent this 
effect, it is essential to superheat the 
steam slightly (usually by 20 deg C) 
so as to avoid moisture formation in 
steam-distribuling devices. 

As steam moves through the Lur- 
bino, its moisture content increases, 
so that some stages of the turbine 
operate in the region of wet sleam, 
which decreases the efficiency of the 
power station and causes erosion of 
the elements in the low-pressure ey- 
linder of the turbine. In order to- 
remove moisture, sleam between the 
turbine cylinders is dried and super- 
heated. Both processes are carried out 
in a separaling superheater (Fig. 24.3). 
Steam from the high-pressure cylinder 
of the turbine is introduced tangenti- 
ally at the top of the apparatus, passes 
through the separalor, sweeps the 
superheating surfaces and is removed 
at a temperature of 241°C through the 
top lo the low-pressure cylinder of the 
turbine. 


200 





100 





LO 25 50 75 12.5 p,MPa 


Fig. 24.2. Selection of the working fluid 

parameters for steam generators of nuclear 

power slalions with water-cooled water-mo- 
derated reactors 
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Fig. 24.3. Separating superheater 
t—superhented steam (a low-pressure cylinder; 
f—wets senm from Wieghepressure cylinder; 3— 
first-sluge heating steam; 4° second-stage leat- 
ing seni, 5- condensate from the first stage: 6— 
eondensate from Ihe second stage, 7 heating 

SI faces; A- separator 


Steam generators of nuclear power 
stations may be of either vertical or 
horizontal arrangement. Those with a 
gaseous or liquid-metal coolant are 
usually of the vertical type. Steam 
generators of water-cooled water-mode- 
rated reactor stations may be of either 
vertical or horizontal type, each of 
which has its own advantages and 
drawbacks. A horizontal steam gener- 
ator is simpler in manufacture and 
more reliable in operation. Vertical 
steam generators are more compact, 
but their elements are more intricate. 
With U-shaped coils, tube plates must 
be of a substantial thickness, so that 
fastening of tube ends requires a more 
expensive and complicated technology. 
‘The total cost of both types of appara- 
tus is roughly the same. 

A horizontal steam generator occup- 
ies several times the area of the vertic- 
-al Lype of the same sleam-generating 
capacity. A higher compactness of ver- 
tical-Lype steam generators is advanta- 
geous in view of radiation safety. 

The performance characteristics and 
reliability af vertical and horizontal 
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steam generators are roughly equival- 
ent. Both types are assembled and 
tested at the manufacturing works 
and can be transported by railroads. 
The dimensions of horizontal steam 
generators for a capacity of more than 
250-300 MW are excessively large. 
The vertical design makes it possible 
to substantially increase the unit 
capacity; in this apparatus, the total 
cross section in the bottom portion is 
occupied by the heating elements and 
the separator is arranged in the top 
portion. For more convenient trans- 
portation, the heat-exchanger and se- 
Parator sections are made separately 
and the apparatus is assembled on the 
construction site, 


24.2. Steam Gencrators 
with Aqueous Coolant 


There are two main types of steam 
generator for nuclear power stations 
with water-cooled waler-moderated re- 
actors, as regards the processes occur- 
ring in the secondary circuit. In the 
first type, the working fluid (water) 
boils in the bulk on the surface of 
submerged heating elements (natural- 
circulation steam genorators). In tho 
second type, water moves in a tube 
system or in the intertubular space of 
a dense tube bundle (once-through 
steam generators). In both types, the 
heating surface is formed by a tube 
system in which the tubes may be 
straight, U-shaped, helical or assem- 
bled into plane curtains. The steam- 
separating devices of submerged-type 
steam gencrators are arranged either 
inside the generator drum (internal 
separators) or in a separate drum 
(external separators). 

The principal types are a horizontal 
(Fig. 24.42) and a vertical (Fig. 24.4b- 
d) single-shell steam generators with 
submerged heating surfaces and inter- 
nal separators. The heating surfaces 
of these generators are made from tubes 
of a small outside diameter (42-22 mm) 
and a wall thickness of 1.2-1.5 mm. 
In high-capacity steam generators, the 
number of tubes may be as large as 
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Fig. 24.4. Steam generators with aqueous coolant 
(a) horizontal type; (b) vertical type with U-shaped tubes; (e) ditto, wilh helicully colled Lubes; (d) platen- 


type; 1— housing; 


2—U-shaped tube system; 3— header and tube sheet; 4—tube plate; 


5—feod water ing 


é—stenm out; 7—cnolant In; 4--coolant out, 9— Jacket; 10— scparalor,; 1£7—feed water distributing tubes; 


12—bundle of helleatly eolled tubes; 13 


some ten thousand. The ends of tubes 
arc expanded in tube plates. High 
tightness of joints is quite important, 
since any leakage can transfer radio- 
activity from the primary to the secon- 
dary circuit. Since contamination of 
the aqueous coolant by corrosion pro- 
ducts is intolerable, all elements of 
the primary circuit are made of stain- 
less steel. 

In order to minimize the use of 
metal in the generator housing, the 
heat-transfer agent having a higher 
temperature and pressure is circulated 
in tubes. The circuit containing the 
coolant operates under the conditions 
of forced circulation. For the working 
fluid (secondary circuit), natural cir- 
culation is preferable. The steam space 
of the drum is used to deliver steam 
with the least concentration of im- 
purities. The design of steam-cleaning 
devices is determined by the position 
of the drum and the conditions of 
steam supply to the disengugement 
surface. In a horizontal steam gener- 
ator (Fig. 24.4a), the coolant has a 
variable temperature along the length 
of steam-generating coils: it is the 
highest at their inlet and the lowest 


platens 


al. the outlet. Therefore, the intensity 
of steam generation is also different in 
various portions of the drum. The 
intensity of evaporation from the 
disengagement surface is also differ- 
ent and is equalized by arranging a 
submerged perforated plate or by 
differentiated supply of feed water to 
the coils. Since the average intensity 
of evaporation from the disengage- 
ment surface in the steam generator 
is not high, steam of satisfactory 
quality (w < 0.2%) can be produced 
by using steam-separating and steam- 
washing devices or only the former. 

In vertical steam generators 
(Fig. 24.4b-d), the intensity of evapor- 
ation from the disengagement surface 
is much higher than in tho horizontal 
type and results in a higher carry- 
over of moisture by steam. In order 
to diminish the moisture content of 
steam, the steam space of the drum 
has a substantial height so as to ac- 
commodate two or three steam-separ- 


‘ating stages. 


In vertical steam generators with 
U-shaped tubes (Fig. 24.4b) thermal 
expansion of the tube bundle is self- 
compensated; this is a serious advant- 
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4-A. 8-B 
(enlarged) 


Fig. 24.5. Once-through steam generator for 500 MW 
1—coolant in; 2— housing; J—Jower water distributor; 4—header; 5—upper water distributor; 6— tube 
bank (henting surface); 7—upper tube plate; 8—middile tube plate; 9—vertical slite; 70— insert; 11— sector 
channels; 22—shaft; 13—lower tube plate; 14—coolant out 


age. On the other hand, the tube plate 
should be of an appreciable thickness. 
In high-capacity steam generators, 
with the 4000-mm diameter of the 
housing in the narrower section, the 
thickness of tube plate may reach 
600-700 mm. The manufacture and 
assembly of such plates is complicated 
and expensive, since a large number of 
deep holes must he accurately drilled 
for expanding of tube ends. The water 
in sleam generators may contain iron- 
oxide sludge which is removed by 
blowing-down. In steam generalors 
having a bottom tube plate, removal 
of sludge involves certain difficulties, 
since it accumulates in the bollom 
portion of the tube bundle just near 


the tube plate. The sludge layer in 
this place is gradually evaporated; 
this results in increasing concentration 
of all water impurities (including 
chlorine ions and alkalies) in pores 
of the sludge layer, which can destroy 
even stainless-steel tubes. 

In that respect, vertical-Lype steam 
generators wilhout the bottom tube 
plate are advantageous and promising 
(Fig. 24.4c). IL has two sections. The 
lower section accommodates the healt- 
ing surfaces made from coiled stain- 
less-steel tubes expanded in tube 
plates. The coolant (water) at a pres- 
sure of 16 MPa moves in the tubes. 
The inlet and outlet of the coolant are 
divided by partitions (in Fig. 24 4c, 
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Fig. 24.6. Temperature distribution in cool- 

ant and working fluid and temperature gra- 

dients along the height of a once-through 
steam generator (see Fig. 24.5) 


only the inlet is shown). Feed water 
is introduced from the top of the tube 
system. The latter is submerged into 
water from which saturated steam at 
a pressure of 6.4 MPa is produced. 
Water moves hy gravily circulation. 
The jacket that surrounds the tube 
system forms a descending channel 
together with the housing. Inside the 
jacket, the fluid moves ascendingly. 
The upper section, which has a larger 
diameter, forms the steam space in 
which two slages of steam separators 
are arranged: the first stage (for coarse 
sleam separation) has cyclone separa- 
tors with axial supply of steam-water 
mixture; the second stage (for steam 
drying) has vertical annular louver- 
type separators. An advantage of steam 
generators with helically coiled tubes 
is that temperature expansion is self- 
compensated. The principal drawhack 
consists in complicated manufacture 
of helical coiling, since the angle of 
coiling is different in various Lube 
rows. 

Certain advantages are offered hy 
steam generators with plalen-type hoa- 
ting surfaces (Fig. 24.4d). Their pla- 
tens are essentially a system of ver- 
tical tubes of the same length which 
are bent 180° midway of their height 
to provide proper rigidity. The platens 


317 


are radially arranged in vertical planes 
around the header. Headers in vertical- 
type steam generators (Fig. 24.4¢ and 
d) have a relatively small diameter 
and thin walls. 

Figure 24.5 shows a 500-MW verti- 
cal once-through steam generator de- 
signed at the All-Union heat engi- 
neering institute. It has a vertical 
housing provided with pipe connec- 
tions for the supply of feed water and 
removal of weakly superheated steam. 
A header is mounted coaxially insido 
the housing; it has pipe connections 
for the supply and removal of aqueous 
coolant. In the annular space belween 
the housing and header a tubular 
heating surface is mounted which 
comprises two bundles of 12 mm x 
x 1.2 mm tubes 14 m long. The top 
and bottom tube bundles are con- 
nected in parallel for the coolant and 
in series for the working fuid. The 
latter moves in the intertLubular space 
(Fig. 24.6). 


24.3. Steam Gencrators 
with Liquid-metal 
and Gaseous Coolants 


{Steam gencrators with a liquid-metal 
coolant. Liquid metal passing through 
the reactor gets activated, so that one 
heat exchanger turns out to be insuf- 
ficient and the heat-exchange system 
becomes more complicated. To make 
the steam generator safe in operation, 
the nuclear power station has three 
circuits and two successive heat ex- 
changers (sec Fig. 1.2c). In tho first 
hoat oxchanger, the heat of liquid 
motal is transferred to an interme- 
diate heat-transfer agent and in the 
second heat exchanger (the steam 
generator proper), the heat of the 
intermediate heat-transfer agent is 
utilized to produce steam. In plants 
with three circuits, sodium is used 
in the firsL (primary) and second 


(secondary) circuit and water in the 


third (lernary) circuit. 

In steam generators with liquid- 
metal coolant, the processes of steam 
generation and superheating are usual- 
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ly organizod in two separate apparatus 
which are connected in series. Steam 
reheating is carried out in a third 
apparatus. All of them may be of the 
sholl-type or shell-and-tube type. The 
main reason for using the separated 
design is to avoid welding of tubes 
of various steel grades which are 
employed in the heating surfaces of 
the stoam-generating and superheating 
sections. 

In the Soviet-made liquid-metal 
steam generator operating with a fast- 
neutron reactor type BN-600, the pro- 
cesses of steam generation, superhea- 
ting and reheating are carried out in 
throe separate heat exchangers of the 
sholl-and-tube type, which are called 
modules. Three modules aro combined 
into a section. Eight sections form 
a once-through stenm gencrator. The 
seclions are connected in parallel for 
the coolant and working fluid. The 
powor-producing wnil comprises a 
BN-ü00 reactor and three steam gene- 
rators. 

The modules of the superheater and 
reheater are connected in parallel for 
the coolant, which ensures a high 
temperature gradient in both modules. 
Liquid sodium from these modules 
flows at a constant temperature into 
the evaporating module. Feed water 
in the evaporating module is heated 
to the saturation temperature, eva- 
porated, aud slightly superheated (by 
12-15 deg C). The fluids move in 
counter-current Flow. 

Tho evaporating and superheating 
modules are essentially of the samo 
design. A version of the superheater 
module is illustrated in Fig. 24.7. 
The heat-exchange surface is made 
from straight tubes which are bent 
sinusoidally in tho lower portion for 
compensation of thermal expansion of 
tho shell and tube system. The tubes 
aro oxpanded in tube plates and 
arranged in thom in the form of 
hexagonal rows. The working fluid 
(water and steam-water mixture in 
the evaporator and steam in the 
superheator and rehcater) moves in 
the tubes and liquid sodium, in the 
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Fig. 24.7. Steam-generalor section with li- 
quid-metal coolant 
i—botlom; 2—dlscharge chamber; s--steam out; 
4—lower tube plate; 5—spacer plate, 6—- housing; 
7—tube bundle; §—-Jocket; 9—holes; 10--L0 yas 
reservolr, 2]—upper tube plate; 12~-cover, 13— 
inlet chamber, J4—ateam in; 15—-protective plate; 
16—sodium out, 17—sodlum in; 7a&#—dralnoge 





intertubular spacos. The shell is sepa- 
rated from the flow of liquid sodium 
by a jacket in order to equalize 
probable temperature variations of 
the coolant. The tube plates are 
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protected by displacing plales and 
insulating washers. Sodium is intro- 
duced into the tube bundle from an 
inlet chamber through 12 vertical 
slits 250 mm » 110 mm in the jacket 
and is thus distributed uniformly in 
the intertubular space. The chamber 
for sodium outlet is designed in 
a similar way. The inlet and outlot 
chambers for the working fluid aro 
formed by tube plates and detachable 
plane end covers of the shell. 

The main parameters of the steam 
generator are as follows: heat power 
490 MW, steam-goenerating capacity 
181.6 kg/s, superheated steam pres- 
sure 14.2/2.45 MPa, superheated steam 
temperature 505°/505°C, coolant tem- 
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Fig. 24.8. Sodium-coolant steam generator 
of fast-neutron power reactor (Great Bri- 
tain) 
1—sodium in; 2—outlet of Lhe products of interns- 
tion of sodium and water; 3— tube bundle; 4— ther- 
mal shield; 5—gulde tubes; 6, 12—sodium out: 
7—level gauge at the sodium outlet side, &- work- 
ing fluld in; 9--level gauge at the sodium Inlet 
side, 10—working fluid out; 71— hydrogen detector: 
f3—support: fé4—lacket; +5- drainage 
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Fig. 24.9. Arrangement of steam generator 
elements in the housing of a power reactor 
?—relnforeed concrete housing; 2-- reactor; s— 
steam generator section; é—yas blower, 5— steam 
to reheater, 6--rehealed steam, F- feed water: 
&—superheated steam 


perature: 520°C at the inlet and 520°C 
at the outlet. 

A shell-lype steam generator with 
sodium coolant is shown in Fig. 24.8. 
The outside diameter of the shell has 
been taken Lo be not more than 3 m 
for ease of manufacture and transport. 
The heating surfaces of all the heat 
exchangers are essentially of the same 
design: they are made in the form of 
U-shaped tubes arranged on the shell 
periphery. Since the pressure of liquid 
metal is lower than that of the working 
fluid, the former is caused to circulate 
in the intertubular space. A cylindri- 
cal jacket is provided in the shell 
in order to organize counter-current 
flow of the coolant and working 
fluid. A thermal shield prevents over- 
heating of the shell. 

The steam generator described has 
the following parameters: power 
4 320 MW, supcrheated steam pressuro 
46.3/3.4 MPa, superheated steam tem- 
perature 540°/540°C, the temperature 
of coolant: 560° at the inlet and 


380°C at the outlet. 


Gascous-coolant steam generators. 
Modern steam generators with gaseous 
coolant are arranged together with 
the reactor in a common shell made 
of prestressed concrete (Fig. 24.9). 
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Fig. 24.10. Steam generator section of a 
Nuclear power station at Fort St. Vrain 
(USA) (X = 330 MW, D = 1 040 t/h, De = 
= 87 t'h) 
f—coulant in; 2—Inbyrinth sealing; 3s—rebeater; 
d—housing, SJ—second-stage superheater;, &—eco- 
nomizer, evaporator and superheater of the first 
silage; 7— lower floor; &- coolant out; 9—first 
cover, 10—sectlon support; 11—second cover; 
42—superheated gleam out; 73—feed water header; 
M4—cold reheat kleam; ?3—hot reheat steam; 
10-—feod water in; 47—bellows 


The steam generator comprises a num- 
ber of parallel sections mounted cir- 
cumferentially beneath the reactor 
core or in an annular spacing around 
the core. The heat-transfer agent bet- 
ween the steam generator sections is 


moved by a gas blower driven by 
worked-off reheat steam. The steam 
generator is of the once-Lthrough type 
(p = 17.3 MPa, t,, = 540°C and t,,= 
= 545°C). Tho gas has a temperature 
of 400°C at the reactor inlet and 
780°C. at the outlet and a pressure 
p = 4.7 MPa. The flow rate of gas 
is 1.6 x 10° kg/h. 

A section of the steam generator 
(Fig. 24.10) has three heating surfaces: 
the first of them includes the economi- 
zer, evaporator and the first super- 
heater stage; the second is formed by 
the second stage of superheater, and 
the third comprises the reheater. The 
heating surfaces of the economizer and 
evaporator are finned on the gas side 
in order to intensify heat transfer. 
The coolant (helium) moves from tho 
top downwards. Feed water is sup- 
plied into an annular header and is 
then distributed by tubes between 
intermediate headers. The tubes pas- 
sing from a header form a heat-trans- 
fer surface (a bundle of helical coils). 
Water in this surface is heated to 
boiling, evaporated, and the steam is 
slightly superheated. The working 
fluid moves upwards in counter-cur- 
rent flow relative to the coolant. 

Tubes from the top portion of the 
first bundle pass through an annular 
spaco formed between the shell of the 
section and the jacket of the second- 
stage superheater and descend in the 
form of helical coils in which the 
working fluid moves in parallel flow 
relative to the coolant. In the bottom 
portion of the superheater, tubes pass 
through an annular spaco between tho 
supporting cylinder and the internal 
jacket of the lower tubo bundle and 
are connected to intermediate headers 
below that bundle. Superhented steam 
is fed from tho intermediate headers 
into a common annular header. The 
circulating tubes for superheated steam 
and feed water have helical loops for 
thermal expansion compensation. The 
counter-current reheater has helical 
tube coils connected to headers. 

The mass of all tube bundles is 
supported by a spherical cover and 
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Fig. 24.11. t, Q-diagram of gaseous-coolant 
steam generator 


transferred through a section support. 
onto the reinforced-concrete housing. 
The space between the ond covors of 
the apparatus is filled with helium at 
a pressure slightly above that in the 
reactor. The difference in thermal 
expansion of the shell and tubes of 
the reheater is compensated by a sil- 
phon. 

Gaseous-coolant sleam generators 
should preferably bo made with an 
economizer and superheatcr. This is 
demonstrated in Fig. 24.11 whore t7 
is the exit temperature of the working 
fluid when producing saturated steam 
and ¢j7 is the temperature of super- 
heated steam at the same temperature 
of the gascous coolant. 

Indeed, for intensive heat transfer 
from tne coolant to the working 
fluid, the temporature gradient At on 
the colder side should not be less 
than 10 deg C. When there is no 
economizer, generation of saturated 
steam, which is characterized by a con- 
stant temperature of the working 
fluid in the sleam generator (lino /), 
is limited to producing steam at 
a temperature ¢;* corresponding to 
the given value of At. 

An economizer permits of increasing 
the temperature gradient al the inlet, 
and therefore, raising the oxit tem- 
perature of steam (line 77). If a super- 
heater is added to the economizer, 
a higher exit lemperature £7} can be 
obtained. 


24.4. Nuclear Reactor as a Steam 
Generalor 


In single-circuit nuclear power sta- 
tions, the functions of steam generator 
are performed by a boiling reactor 
in which steam is produced from the 
feed water being supplied. Thus, water 
serves as the coolant of the reactor 
and the working fluid from which 
steam is generated. Boiling reactors 
may be of shell or channel type. 

Shell-type boiling reactor. A modern 
shell-type boiling reactor with forced 
circulation of water from which satu- 
rated steam for a turbine is produced 
is shown in Fig. 24.42. The reactor 
has a vertical cylindrical steel shell 
(drum) with a diameter of 3-6 m. 
The reactor core is arranged in the 
water space of the drum. For the 
roliable removal of heal from the core, 
water is intensively circulated by 
moans of jet pumps mounted in the 
shell. In high-capacity power-produ- 
cing reactors, the number of jel pumps 
may be up to 20. The pumps are 
arranged in the annular space between 
the shell and reactor core. Water 
behind the pumps is separated into 
two flows: the greater flow (2/3 of the 
total flow rate of circulating water) 





Fig. 24.12. Shell-type boiling reactor 


r rore; 2— housing; 3—collecting chamber; ¢— 

separator uplakes; $—primary separators, 6— 

steam drier; 7—sleam to turbine; 8- feed water 
supply; 9— jet pump; f0—circulation pump 
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passes through the core and the smal- 
ler flow is pumped by the circulation 
pumps through two parallel loops 
outside of the reactor shell. This 
portion of water is fod to the intake 
of the jet pumps and thus serves as 
the working fluid for tho pumps. 
These external clements somewhat 
diminish the radiation safety of the 
reactor. 

The cylindrical shell houses the 
reactor core with fuel assemblies sup- 
ported by a plate. At the top, the 
reactor core has a spherical cover 
which forms the chamber for a steam- 
water mixture. Vertical tubes are 
connected to the spherical cover (one 
tube for each cell of the core). Steam- 
waler mixture passes through these 
tubes into turbulent separators. Mois- 
ture separated in tho turbulent sepa- 
rators is drained into the space bet- 
ween them and flows into the water 
space. The separated water is mixed 
with feed water and supplied to the 
intake of the jet pumps which over- 
come the resistance in the multiple 
forced circulation circuit. Separated 
steam is direcled from the separators 
into the steam space where it is 
dried in steam driers to a moisture 
content roughly 0.1%. Since the steam- 
soparaling means are arranged inside 
tho reactor shell, the circuit has no 
oxternal elements, which’ improves 
the radiation situation at the reactor. 

Shell-type boiling reactors have been 
thoroughly developed and are used 
most widely. They are highly compact, 
have a simple circuit, Jow working 
pressure (roughly half the pressure of 
coolant in the primary circuit of 
water-cooled water-moderated power 
reactors), relatively low consumption 
of structural materials for tho reactor 
core, and a low cost. Limited dimen- 
sions of the shell-type reactors are 
defined by the conditions of their 
transportation to construction sites. 
The manufacture of large-diameter 
shells may involve difficulties due to 
an appreciable increase of the wall 
thickness, especially in high-pressure 
plants. For this reason, the capacity 
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Fig. 24.43. Diagram of multiple forced cir 
culation in channel-type boiling reactor 
type IBMK-1000 
J—renctor, 2- distributing group header; | a— 
supply header; 4 return valve; 5— main clreula- 
tion pump, ë discharge header, 7—separating 
drum; & and y equolizing tubes; 70—sleain to 
turbine, #7-- downtake tubes 


of shell-type reactors in power unils 
is limited to 1 000 MW. The reactor 
shell, especially when it has large 
dimensions, operates under heavy con- 
ditions, since it is subjected to the 
action of high pressure of the coolant 
and of neutron flux in tho core. 

In sholl-type reactors, it is diffi- 
cult to collect information for predic- 
ting tho appearance of defects in the 
reactor bousing, especially in high- 
capacity plants where a large volume 
of welding is done at the construction 
site, rather than at the manufacturing 
work. Shel!-type reactors can operate 
with natural or forced circulation and 
produce steam of subcritical parame- 
ters. 

A channel-type boiling reactor 
(Fig. 24.13) has a core which is a gra- 
phite block with vertical fuel chan- 
nels provided in a definite order. 
Water in tho channels moves around 
fuel assemblies, is heated to boiling 
and partially evaporated. 

The adequate performance of boiling 
reactors at a high heat release rate 
had made it possible to develop 
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reactors in which steam is not only 
generated, but also superheated to the 
required temperature. A number of 
fuel channels is isolated for steam 
superheating. They are fed with satu- 
rated steam which has beon separated 
from steam-water mixture in tho reac- 
tor drum. 

When a channel-type reactor opcra- 
tes as a steam gencrator, its steam- 
generating capacity is determined by 
the number of channels and the steam- 
generating capacity of cach channel. 
With a given sleam-generating capa- 
city of a channel, the total capacity 
can be increased by providing more 
channels in tho core, but this compli- 
cales the design and operation of the 
plant. 

Channe]-type reactors can bo built of 
a substantial unit capacity (1000 MW, 
2000 MW and more) and can operate 
at high parameters of the coolant, and 
therefore, have a high efficiency. 

The existing channel-type reactors 
aperate with forced multiple circula- 
tion, but their design is suitable for 
once-through steam generation. 

The advantages offered by channel- 
type reactors (the principal advantage 
being that the pressure in the shell 
is not high) have led to the develop- 
ment of nuclear power stations with 
batch produced boiling reactors of 
high capacity. The channcl-type ura- 
nium-graphite reactor type RBMK- 
-41000 has been designed for produ- 
cing saturated steam. The unit oper- 
ates by the single-circuit scheme, 
i.e. the steam generated in the reactor 
is direcled immediately into the tur- 
bine and tho turbine condensato is 
returned into the reactor circuit. 

The reactor is mounted in a concrete 
well with n cylindrical stacking of 
vertical graphite columns; these have 
central borings (fuel channels) in which 
fuel elements are placed and coolant 
is circulated. Within the reactor core 
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(ils height is roughly 7 m), the fuel 
channels are made from 88 mm x 
Xx 4mm zirconium tubes. Beyond tho 
core, they are made of stainless stecl. 
Each channel has a cassette with two 
fuel assemblies (with 18 fuel elemonts 
in each assembly). A fuel clement 
consists of a zirconium Lube (43.5 mm X 
x 0.9 mm) filled with uranium dioxi- 
de tablets. Some of the channels carry 
the absorption rods of the contro] and 
protection system. 

The heat released in the reactor is 
removed by two loops of the multiple 
forced circulation circuit. Tho circu- 
lation of the coolant in cach loop is 
effected by means of four main circu- 
lation pumps (with three pumps being 
in operation and one in reserve). 
Water aftor a pump (at a pressuro 
around 8 MPa and temperature 265°C) 
is fed into a supply header and then 
into distributing headers and is dis- 
tributed by means of control valves 
between the fuel channels. Water in 
the fuel channels movesfrom then bot- 
tom upwards and is first heated in 
the economizer section and then par- 
tially ovaporated. The sleam-water 
mixture thus formed (z = 14.5%) is 
directed through individual pipelines 
into separating drums. The two sepa- 
rating drums in cach circulation loop 
are connected by a cross-over tube 
in order to equalize the water levels 
in them. Tho steam-water mixture is 
separated in tho drums inlo steam 
and water. Saturated steam (with 
the moisturo content 0.1%) is directed 
into turbines and water is mixed with 
the turbine condensale, is purified, 
preheated and deaerated, and returned 
by circulation pumps to the inlets 
of tho fuel channels. 

As a next step, the channel-typo 
reactors for a capacity of 1 500- 
2000 MW with steam superheating 
in the reactor channels at a pressure 


of 6.5 MPa are now being developed. 
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METALS FOR STEAM BOILERS 


25.1. Melal Behaviour at High 
Temperatures 


We have discussed in earlier chap- 
ters some methods for organization 
of boiler processes which can form 
optimal conditions for the operation 
of the boiler element metal at high 
pressures. Even then, however, the me- 
tal of critical hoilor elements (water- 
wall tubes, drum, headers, steam 
pipelines) operates under heavy condi- 
tions. In steady regimes, it is sub- 
jected to stresses caused by internal 
pressure and the own mass of the ele- 
ments and to a high temperature. 
In unsteady regimes (start-up, shut- 
down) it is subjected, in addition, to 
variable temperatures and pressures. 
Under certain conditions, cyclic varia- 
tions of temperature may take place. 

Besides, some critical elements at 
high temperatures can be acted upon 
by corrosive media: flue gases, satu- 
rated and superheated steam, steam- 
water mixture, and feed water, which 
can causo corrosion of the metal. 

Many boiler clements, especially 
water-wall tubes and fittings in the 
water-steam path, operate under the 
conditions of orosion and abrasion 
wear. Frosion is the kind of wear 
produced by jots of liquid and abra- 
ston is the mechanical wear under the 
effect of solid ahrasive particles (for 
instanco, abrasion woar of water-wall 
tubes by ash). Erosion of metal is 
a complicated process which combines 
chemical corrosion produced by an 
aggressive medium and mechanical 
wear as the dynamic effect of a flow 
of liquid or steam (mechanical wear 
in erosion can he enhanced by solid 
abrasive particles carried by the fluid). 


In air heaters, the metal of their 
tubes is subjected to a relatively low 
pressure (up to 7-8 kPa), and thero- 
fore, mechanical stresses aro insigni- 
ficant, hut the metal operates at 
a high temperature (up to 400-450°C). 

The non-cooled fastening and sus- 
pending elements in boiler gas ducts 
operate under especially heavy condi- 
tions. They carry a high weight load 
and are subjected to tho offect of 
aggressive gases at high tomperatures 
(up to 800°C). 

The boiler structure also carries a 
high weight load, but operates at tho 
temperature of the surrounding air. 
Only few elements of tho boilor 
structure of suspended design (‘hot 
suspensions’) operate at an elevated 
temperature determined by the tem- 
perature of the working fluid that 
flows through them. 

All boiler elements opornting at 
elevated pressures can be divided into 
two groups: 

(1) those which operate at tempera- 
tures below 350-400°C; they include 
the drum (in drum-type boilers), 
steam-gencrating tuhes and their hea- 
ders, tubes and headers of tho econo- 
mizer and transition zone, and pipe- 
lines and fittings for water and satu- 
rated steam; and 

(2) those operating at temperaturos 
above™'350400°C: steam suporheators 
and their headers, desuperhoaters, su- 
perheated-steam pipolines and fittings. 

Of special danger for the operation 
of critical boiler clements is the com- 
bined long offect of the internal pres- 
sure and high temperature (nbovo 
450°C) of superheated steam (super- 
heater tubes and headers and steam 
mains). This may Icad to creep, 
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Fig. 25.1. Creep curves of steel at various 
temperatures and conslant stress 


a special kind of plastic deformation 
in which the strain increases slowly 
and continuously at a constant stress 
below the yicld stress and tho size 
of an element gradually increasos. 
As the residual plastic deformation 
attains a definite limit, rupture of 
the metal occurs. For this reason, 
creep is controlled hy periodically 
measuring the dimensions of suspected 
elements. 

Figure 25.1 shows creep curves ob- 
tained al a constant stress and dif- 
ferent temperatures (l < la < t3). Let 
us analyse the process of creep at 
temperature ¢,. The curve at ¢, can 
be divided into three portions: Oa, 
ab, and bc. Portion Oa (the poriod of 
attenuating creop) corresponds to a 
short initial period Z when the metal 
is even strongthened slightly. Then 
follows a longor period // of steady- 
state (secondary) creep (portion ab) 
during which an clement still can 
operate reliably without rupture. Tho 
rate of creep during that period is 
constant: 


v = Allt = tana (25.1) 


In the final critical period /// of 
accelerutod creep (portion bc), a high 
plastic deformation occurs in an ele- 
ment (for insLance, ‘inflation’ of tube 
portions in water walls), aflor which 
rupture takes place al point c. Roliab- 
le operation of clements is only pos- 
sible within the period ZZ of steady- 
stale creep. AU a higher temperature 
(i, or tj), the process of creep occurs 
in a similar way, bul more quickly; 
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tho rate of steady-state crecp incroases 
and rupture takes place earlier. Tho 
stress at which the rale of creop during 
poriod // doos not exceed tho speci- 
fied value or the stress that causes the 
total plastic deformation during n spo- 
cified time of operation not abovo 
a safo limit, is called the creep stress, 
or creep strength o,,. For most steel 
grades, the allowable total plastic 
deformation of 1% after 100 000 hi of 
operation is allowed, which corres- 
ponds to the creep rate Veo = 
== 10-7 mm/(mm h) or 1075%/h. 

The strength of the metal in opera- 
tion under creep conditions can be 
characterized by the long-term 
strength. As the metal is stressed 
under creep conditions, the time of 
its reliable operation up to rupture 
depends on the stress applied. The 
stress which causes rupture of tho 
motal in creep during a specified 
period is called the long-term strength. 

The relationship between the stress 
and the time to rupture al constant 
temperature t, is most often expres- 
sed by an exponential equation: 


(25.2) 


where B and m are constants for 
a givon metal and given temperature. 

In logarithmic coordinates, the re- 
lationship between o and T, is descri- 
bed by a straight line; in Fig. 25.2, 
such lines are shown for three diffo- 
ront temperatures t, tf. and ty (t, < 
< ty < t). 

Such curves can be used for deter- 
mining the time of safe operation of 
an element (without rupture). There- 


AFA -mMm 
Tp = Bo 





Fig. 25.2. Relationship between long-term 
strength and time to rupture 
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fore, the olomonts operating under tho 
conditions of creep can he calculated 
by the long-term strength rathor than 
by tho creop strength. Giving the 
time of safe operation and a particular 
safo margin, we can calculate the 
Slress al which these conditions will 
be satisfiod. 

The physical nature of the creep 
stress is different from that of the 
long-term strength. The creep strength 
(stress) characlerizes Lhe resistance of 
a metal to a low plastic. deformation 
at an elevated temperature, while the 
long-term strength characterizes its 
resistance under the conditions of 
creep. Nonetheless, either characte- 
ristic can be used in creep calculations; 
Moreover, there is a definilo relation 
between these characterislics of a par- 
ticular material. 

Until recently, boiler elements ope- 
raling under creep conditions were 
calculated by using in the formulae 
the allowable stress as found from 
the long-lerm = strength al a given 
temperature of the wall for a speci- 
fied period of operation (usually 
100 000 h). The long-term strength 
is denoted oj, (whore ¢ is the wall 
temperature). With the operation fac- 
tor Kap = 0.85, the operating time 
t — 100000 h is roughly equivalent 
lo 15 years. For expensive equipmont, 
such as steam boilers and turbines 
in which tho replacement of certain 
elements (steam pipelines, superhea- 
ters, headers, the high-pressure por- 
lion of the turbine, etc.) is labour- 
consuming and costly, this time of 
operation (campaign) is. now consi- 
dered to be too short in view of the 
high safety margins on which their 
strength has been calculated. ‘It is 
now recommended to increase the 
depreciation time roughly twice, i.e. 
up to 200 000 hours. This can reduce 
somewhat the long-term strength al 
the end of the service life of the metal 
compared with that at the end of 
a period of 100000 hours, hut the 
reduction will not be high in view 
of the improved technology of manu- 
facture and heat treatment of steels, 
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better maintenance of the equipment, 
and more perfect methods of metal 
control in the operating equipment. 
According to the new norms of strength 
calculations, clements of steam boi- 
lers can be calculated for a service 
life of 200000 hours. 

The operation of a metal al eleva- 
ted temperatures can also be charac- 
terized by diffusion processes which 
can substantially change the structure 
and properties of the metal. Under 
such conditions, the metal can lose 
strength owing to embrittlement and 
graphitization. In some cases, Lhese 
effects can lead to emergency silua- 
tions. 

The operation of steels under the 
effect of flue gases and superheated 
steam at elevated or high temperatu- 
res can also- bo characlerized by the 
activizalion of electrochemical cor- 
rosion and, as a consequence, hy the 
oxidation and scaling of surfaces in 
contact with the aclive media. Fluc 
gases have an especially strong effect 
on the external surfaces of superhea- 
ter tubes and superheated steam, on 
their inlernal surfaces, superheated 
steam headers, and steam main pipe- 
lines. In some cases scalo formation 
may be so slrong that the thickness 
of tubo walls decreases to a dangerous 
value and may involve promature 
creep and oven tubo rupture. Scaling 
is aggravated by intensive heating 
loads or high stresses due to the 
pressure in tubes. Thinning of tubes 
due to scaling should bo properly 
considered in strength calculations. 

As the unit capacity of power plants 
increases, the requirements for their 
reliability become more rigorous and 
can bo satisfied with greater diffi- 
culties in view of the large consump- 
tion of metal in the heating surfaces 
and enormous number of welded joints. 
An increase in unit capacity is often 
associated wilh an increase of steam 
parameters, which requires the appli- 
cation of steel grades having a higher 
strength and therefore, lower ducti- 
lity. They are more sensilive to 
stross concentralions, so that even 


slight defects of the metal hecome 
dangerous. 

As a result, modern steam boilers 
of high capacities require a better 
technology of manufacture and care- 
ful metal testing which can provide 
ample information on the structure, 
composilion, mechanical properties 
(including creep strength) and the 
stresses that may appear in the metal 
in operation. 

For operation of steels at high 
temperatures and pressures, it is pos- 
sible to formulate the following prin- 
cipal requirements which can ensure 
a long and reliable operation of 
boiler plants: the metal should pos- 
sess high values of creep strength and 
long-lerm strength, high scaling re- 
sistance, stable structure which can 
ensure that ils properties will not 
change dangerously in long-term ope- 
ration, good weldability, and absence 
of metallurgical and mechanical de- 
fects on the surface, which might 
serve as stress concentralors and wea- 
ken the cross seclion of boiler ele- 
ments. 


25.2. Metals for Steam Boilers 


The main materials for boilers are 
carbon steels and alloy steels; the 
latter can contain chromium, nickel, 
molybdenum, tungsten, vanadium, 
ote. Most of these alloying olements 
are expensive, but their addition in 
minor quantities imparts valuable 
properties to steel, which are unat- 
tainable in carbon steels. 

Carbon (unalloyed) steels are used 
for making steam boiler elements 
which operate under no-creep condi- 
tions, i.e. al temperatures not higher 
than 450°C. As required by the techno- 
logy of welding which is the principal 
process in boiler making, many cri- 
tical elements of boilers are made of 
low-carbon steels (grades 10 and 20). 
Steel 20 is predominantly used since 
it has a higher strength than grade 
10 and is not inferior to this in wel- 
dability and corrosion resistance. In 
Lhe microstructure of steels for boiler 
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tubes, soft and plastic ferrite is the 
main component, while the concent- 
ration of the hardening component, 
pearlite, is not high. Sheet steel has 
an elevated content of carbon, in the 
average from 0.15% (grade 15C} to 
0.25% (grade 22C) and has a higher 
strength and satisfactory weldability. 
Steel grade 22C is characterized by 
an elevated strength, which is due to 
a higher content of manganese and 
minor addition of titanium. 

Low-alloy pearlitic-class steels. A 
sleel is low-alloyed if it contains up 
to 4-53% of all alloying elements. 
Such steels are used for making boiler 
elements for operation under creep 
conditions: superheater Lubes and hea- 
ders, and sleam pipelines. They are 
also employed for making boiler drums 
for pressures up to 18-18.5 MPa. 

Low-alloy steels resistant to creep 
at temperatures up to 580°C, if a very 
high scale resistance is not required, 
are called heat-resisting, or high-tem- 
perature steels. Those which are creep- 
resisting at temperatures above 580°C 
and have a high scale resistance at 
these temperatures are called refrac- 
tory steels. 

The principal alloying elements in 
steels are Mo, Cr, Si, and Al. Molyb- 
denum is dissolved in ferrite and 
increases the long-term strength and 
creep strength. Chromium, silicon, 
and aluminium increase scale resis- 
tance, since they form with oxygen 
dense refractory oxides Cr,0,, SiO, 
and Al,O, whose coefficients of expan- 
sion are very close to that of steel. 
These compounds protect a steel 
against oxidation. 

Boiler making uses widely the low- 
alloyed Cr-Mo steel of pearlitic class 
(grade 15KhM with 1% Cr and 0.5% 
Mo) and Mo-Cr steel grade 12MKh 
(0.5% Cr and 0.5% Mo). These steels, 
especially 45KhM, are characterized 
by good weldability, elevated creep 
strength, and low liability to graphi- 
lization. 

The trend for increasing the tem- 
peralure of superheated steam with 
the use of inexpensive low-alloyed 


328 


steels of pearlitic class has led to the 
appearance of Cr-Mo steel additio- 
nally alloyed with 0.2-0.3% vana- 
dium. Vanadium is a strong carbide- 
former and thus is favourable for 
increasing the creep strength. 

[n modern boiler making, wide use 
is made of Cr-Mo steel 12Kh1iMI 
(1% Cr, 0.3% Mo, 0.2% V) and steel 
15KLIMF (1% Cr, 1% Mo, 0.2% V) 
which has a slightly higher carbon 
content and substantially higher con- 
tent of molybdenum and possesses 
a higher creep strength. The minor 
addition of vanadium decreases the 
rale of creep. These steels can operate 
al temperatures up to 565-570°C. 

Pearlitic steel] grade 12Kh2MFSR 
has a very high scale resistance and 
high refractoriness, its high scale re- 
sistance is obtained by adding 2% Cr 
and 0.4-0.7% Si. The high refracto- 
riness is oblained by a very small 
addition of boron (0.003-0.005 %). 
This steel is, however, very sensitive 
to heat treatment conditions. It is 
used for making superheater Lubes. 

lligh-alloyed austenitic-class steels. 
The trend to raise the temperature of 
superheating up to G00-G50°C has led 
to the application of steel possessing 
even higher heat and scale resistance. 
The structure of these stocls is mainly 
formed by high-alloyed Cr-Ni or Cr- 
Ni-Mn austenite. Austenitic steels 
have a high scale resistance due to 
a high concentration of chromium. 
In contrast to low-alloyed grades, 
high-alloyed austenitic steels may con- 
tain up to 30% of nickel and chro- 
mium or even more; their cost is, 
however, several times that of the 
former. Titanium and niobium (sta- 
hilizing elements) are added to auste- 
nitic steels in order to prevent inter- 
crystalline corrosion. These elements 
are strong carbide-formers and can 
combine all the carbon into carbides, 
thus preventing the formation of chro- 
mium carbides al the boundaries of 
austenlic grains. If, however, chro- 
mium carbides have formed in the 
structure, austenite around them is 
depleted in chromium, these low-chro- 
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mium regions lose corrosion resistan- 
ce which may lead lo intercrystalline 
corrosion, 

The capability of steels for forming 
a purely austenitic structure can be 
increase by increasing the Ni/Cr 
ralio. Among steels of this typo, it 
is worth mentioning steel grade 
12Kh18N12T, and also grade 
Kh14N14V2M (which contains tungs- 
ten and molybdenum) and steel type 
16-13-3 (16% Cr, 13% Ni, and 3% 
Mo). Molybdenum and tungsten are 
added to austenitic steels in order to 
further increase the heat resistance, 
since they form high-disperse strong 
compounds Fe,Mo and Fe,W in the 
steel structure. 

High-alloyed steels of martensitic 
and martensite-ferritic class. A draw 
back of austenitic steels is their lia- 
bility to cracking under the combined 
aclion of stresses and corrosive media 
(corrosion cracking) and formation of 
annular cracks in welds owing to 
a sharp drop of ductility in some 
portions of the weld metal on heating. 
Austenilic steels are expensive duc to 
a high content of nickel. Attempts to 
lower the cost of heat-resisting steels 
and eliminate the drawbacks typical 
of austenitic steels have resulted in 
the development of no-nickel steels on 
the basis of 11-13% Cr with the 
additions of molybdenum, tungsten 
and vanadium for higher heat resis- 
tance. With such a combination of the 
alloying elements, the structure of the 
steel is low-carbon martensite or mar- 
tensite-ferrite, which determines the 
name of this class of steets. 

Low-alloyed steels for operation 
under no-creep conditions. In boiler 
making, wide use is made of low- 
alloyed steels for operation at rela- 
tively low temperatures when the 
phenomenon of creep does not appoar, 
The steel has a higher strength than 
carbon grades and is employed in 
order lo decrease the wall thickness 
of boiler elements and thus reduce 
metal consumption. For instance, boi- 
ler drums for high steam paramoters 
are made of Mn-Ni-Mo steel grade 
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Table 25.1. Principal Characteristics of Boiler Steels 





Mechanical propertica at room 





temperature 
Alloyin, % p we Fi 
Grade elements. % 25. wo, Be |as g Applications 
ENG ian og aga 
oca 8s n to 
>u PA ie vo 5 oad 
Pa z ar 2 





Low-carbon (unalloyed) pearlitic-class steels 


{SK — 352 215 | 25 | 685 | Drums and vessels for pres- 
20K - 402 245 23 590 | sures up to 6 MPa and tem- 
peratures up to 450°C 

















22K - 500 245 | 22 835 | Drums for pressures of 6- 
12.5 MPa 
10 — 335 205 31 - 


Z Vessels and pipelines for 
20 402 205 | 24 | 490 o 


temperature of fluid up to 
450°C; tubes of heating 
surfaces of steel 20 for 
temperatures up to 480- 



















500°C, 
Low-alloyed pearlitic-class steels 
16GNMA Mn =0.8-1.1 500 335 46 | G85 | Boiler drums for pressures 
Ni =1-1.3 14-18.5 MPa 
Mo =0.4-0.55 
15GS Mn=0.91.3 | 470-590 | 343 16 | 490 | Feed-water pipelines for 
Si =0.7-1.0 pressuros up to 38 MPa 
and tio < 450°C 
12MKh Cr =0.4-0.6 412 205 | 22 | 685 | Headers and pipelines for 
Mo =0.4-0.6 steam temperature up to 
{5KhM Cr =0.8-1.1 40 215 | 21 590 | 475-540°C; from grade 
Mo =0.4-0.6 42MKh, up to 510°C, from 
45KhM, up to 540°C; su- 
perheater tubes at ty up 
to 540-560°C 
12KhiMF Cr =0.9-1.2 440 225 | 2 590 | Boiler tubes and stoam 
Mo =0.25-0.35 pipelines at f up to 580°C 
V =0.15-0.3 
15KbiMiF Cr =1.1-1.4 577 343 | 16 | 490 | Superheaters and steam 
Mo =0.9-1.2 pipelines at ftw up to 580°C 
V =0.2-0.3 
42Kh2MFSR Cr =1.6-4.9 cena at ty up to 
Mo=0.5-0.7 580°C 
V =0.2-0.35 
Si =0.4-0.7 
B =0.005 
{2Kh2MFB Cr =2.4-2.6 392 = 30 _ Superheaters at tw up to 
V =0.2-0.35 
Nb=0.5-0.8 
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Continued 
Mechanical properties at room 
temperature 
Grade cients 23 ee #2 gts Applications 
cus c= oc Sex 
Zé Zz | 2 | 282% 
Sma ae or 
High-alloyed austenitic-class steels 
Khi4Nt4V2M Cr= 13-15 540 215 35 — | Superheaters and pipelines 
Ni =13-45 at ty up to 650°C 
W =2-2.75 
Mo =0.45-0.6 
{2Khi8N12T Cr =17-19 540 215 35 — 
Ni = 11-13 
Ti =0.65 
Khi6N9M2 Cr =15,5-17 590 245 70 |2940{ Steam pipelines at steam 
Ni = 8.5-10 temperature up to 657°C 
Mo = 1.5-2 
OIKhIANI9V2BR Cr = 23-15 490 215 38 |1380 | Steam pipelines at steam 
Ni -18-20 temporature up to 700°C; 
W -2-2.3 superheater Lubes at fu up 
Nb=0.9-1.3 toa 700°C 
R =0.005 
Khi6N16V2MBR Cr = 15-17 510 215 | 38 |1380 | Steam pipelines and su- 
Ni = hy perboaters at tw up to 700°C 
= 2+ 
Mo = 0.4-0.9 
Nb=0.6-1.0 
B =0.005 
Khi6N{4V2BR Cr = 15-17 520 235 38 | 1380 
Ni =1315 
W =2-2.75 
Nb =0.9-1.3 
B =0.005 
1GGNMA (1% Mn, 1.2% Ni, and up to 250-350°C. Scale-resisting cast 


0.5% Mo). Feed water pipelines for 
supercritical pressures are made of 
Mn-Si steel grade 15GS (1.4% Mn, 
0.8% Si). 

The principal characteristics of steels 
employed most widely for making 
tubes, drums, headers and pipelines 
of boilers aro given in Table 25.1. 

Cast iron (grey and ‘scale-resisting) 
is also employed widely in boiler 
making. Grey cast iron (SCh) has 
high casting properties and is used 
for making various furnace devices: 
man- and view-holes, explosion val- 
ves, fittings and fastenings of boiler 
setting. It can operate at temperatures 


iron (OCh) is alloyed with some ele- 
ments (such as silicon) which endow 
it with scale-resisting properties. It is 
employed in spacing teeth of super- 
heaters, tube suspensions and other 
fastening elements operating in high- 
temperature zones. 


25.3. Strength Calculations 


The calculation of strength is based 
on estimating the strength of the 
metal in terms of the ultimate load 
(stress) at the rated pressure of the 
working fluid, which makes it pos- 
sible to consider the operating condi- 
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tions of the metal more completely 
and carefully. The rated pressure is 
the pressure at the plant outlet plus 
the hydraulic pressure loss at the 
nominal load of the path from the 
discharge header of the superhcater 
to the point where the element being 
calculated is located, LAp; filling the 
elements by water or steam-water 
mixture is taken into account by the 
hydrostatic pressure of a column of 
fluid above the element, Ap,. Thus, 
the design pressure is: 


P = Pass F X Ap -} Apn (25.3) 


The hydraulic resistances and tho 
pressure of the column are considered 
if their sum exceeds the pressure 
behind the superheater hy at least 3%. 
An additional term appears due to the 
force of gravity acting on the element 
being calculated and other cloments 
connected to it. The additional load 
is restricted by extreme values at 
which the safety margin diminishes 
within tolerable limits compared with 
the strength determined in terms of 
pressure. 

The design temperature depends on 
the conditions of heating and cooling 
of an element. For unheated elements, 
the design temperature is taken to 
be equal to the temperature of the 
working fluid; for boiler drums, it is 
taken as the temperature of satura- 
tion at the pressure in the drum; for 
headers and connecting pipelines as 
the temperature of the working fluid 
in them. 

For heated elements, the design 
temperature is found from formula 
(10.10) which accounts for the nature 
of thermal action on a heating surface. 
It is essential to analyse various 
portions of a tube bank, in particular 
those which have the highest tempera- 
ture of steam and thoso with the highest 
heating intensity. It should also bo 
considered that some tubes or a group 
of tubes may operate with maldistri- 
bution of heat Atma, i.e. tho fluid 
temperature in them may exceed tho 
average design temperature. This dif- 
ference can be found from the calcu- 
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lation of the plant or determined by 
tests. For each particular case, the 
formula can be simplified and the 
design temperature is determined as 
recommended in [22]. 

Allowable stress. The allowable no- 
minal stress is the stress used in cal- 
culations of the least thickness of 
walls and the highest allowable pres- 
sure for a particular metal and expec- 
ted conditions of operation. 

The allowable nominal stress is 
selected for one of the strength cha- 
racteristics of the metal: the ultimato 
tensile strength at 20°C, oł; tho 
yield limit at 20°C and at tho design 
temperature £, oł, and g; tho 
long-term strength at the design tem- 
perature (105 hours to rupture), of ,,98; 
and the creep strength (to cause 1% 
deformation in 105 hours) at the 
design temperature ofany. The allow- 
able nominal stress is taken as tho 
lowest of these characteristics divided 
by the safety factor adopted. 

Mest elements of steam boilers and 
steam generators operating at a parti- 
cular pressure of the working fluid are 
of cylindrica] shape (drums, headers 
and tubes of the heating surfaces of 
steam boilers, shells, chambers and 
tubes of the heat exchangers of steam 
generators at nuclear power stations). 
Cylindrical elements subjected to an 
internal pressure can be calculated by 
the general formulae: 


— —_PDin _ 4 
S TTE +C (25.4) 

or 
S= Pes C (25.5) 


~ 20a tP 


whore S is the cylindrical wall thick- 
ness, m, p is the design pressure, 
MPa, Dın and Dex are respectively 
tho internal and external diameter of 
an element, m, @ is tho coefficient 
of strength of the clement which 
might be weakened by a longitudinal 
wold seam or by holes for the expan- 
sion of tube ends, and C is an addition 
to the wall thickness which is intro- 
duced to account for probable varia- 
tions of wall thickness in manufactu- 
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red tubes, thinning of the material 
in bends, and thinning from the for- 
mation of scale during the element 
service life. 

Calculation of a drum. The drum is 
one of the most intonsively stressed 
elements in boilers. The following 
kinds of stress can appear in a drum: 
from the internal pressure at the 
working parameters of the fluid; ther- 
mal stresses, which include stresses 
due to the temperature difference 
across the drum wall and those due to 
the temperature difference between 
the top and bottom portions of the 
drum. Thermal stresses across the 
wall may appear during heating or 
cooling of the drum. Those between 
the top and bottom portions of the 
drum also appear during start-up or 
shut-down of the boiler; during start- 
up, for instanco, the upper half of 
the drum, which is in contact with 
the condensing steam, is heated up 
more quickly than the lower half where 
the circulation of water is still too 
weak. At shut-down, on the contrary, 
the upper half is cooled more slowly 
than the lower, since the heat transfer 
in the steam space is one or two orders 
of magnitude smaller than in the 
water space. 


In addition to tho stresses indica- 
ted, a drum is subjected to the action 
of the mass of its metal and wator and 
to the stresses caused by deformation 
of the attached water- and steam- 
circulating tubes and steam pipelines. 
These stresses are usually low and can 
be neglected. 


In the regimes of accelerated star- 
ting-up or emergency shut-down (for 
instance, on rupturo of tubes in the 
circulation circuit), thermal stresses 
may exceed the allowable values. 
Substantial stress concentrations may 
occur at the sharp edgos of holes in the 
places of tube connection, especially 
of downtake tubes. During start-up 
and shut-down, these stresses vary 
from zero to the maximum, while in 
steady regimes they vary less sub- 
‘stantially, but with a higher frequen- 
cy in accordance with the temperature 
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pulsations on the internal surface of 
the drum, say, on variations of water 
temperature behind the economizer. 

For the reliable operation of a drum 
in various regimes, the strength con- 
dition should be satisfied for any 
moment of operation, i.c. the resolved 
stress (which is found by considering 
all the factors mentioned) should not 
exceed the allowable stress of the 
metal at n given. temperature. Thus, 
the strength calculation of a drum 
should consider all the stresses men- 
tioned and the non-cylindricity of the 
drum and its solution is quite compli- 
cated. In the existing norms for the 
strength calculations of boiler ole- 
ments, only the stresses from the 
internal pressure in a drum are con- 
sidered. In order to limit thermal 
stresses, il is not advisable to allow 
the tomperature differences between 
the adjacent elements of a boiler to 
be more than 50-55 deg C. 

Headers are calculated essentially in 
the same way as boiler drums. In 
that case, one should consider the loss 
of strength due to holes for the con- 
nection of tubos. Headers have no 
longitudinal weld seams. A header 
has two transverse weld seams for 
the connection of end covers, but 
their effect on the strength is not 
considered. 

Caleulation of tubes in the heating 
surfaces and pipelines is carried out 
by the formulae given earlier, with 
@ = 1, since seamless tubes have no 
weakened points. Tubes of heat ex- 
changers subjected to pressure from 
both sides are calculated for the 
higher pressure, rather than for the 
pressure difference. If the higher pres- 
sure is in a tube, the calculation is 
done by formulae (25.4) and (25.5). 
With a highor pressure on the outside, 
a tube is compressed and is calculated 
by the formula 


S=Dys a (25.6) 


where Æ is the modulus of elasticity, 
MPa, and m is the safety (stability) 
factor; m æ 6 for carbon-steel tubes 
and m ~ 5 for alloy-stcel tubes. 
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25.4. Metal Control in Operation 


As given earlier, the properties of 
steels are impaired at high tempera- 
tures. For that reason, it is essential 
to periodically control the state of the 
metal operating under the conditions 
of creep (at temperatures above 450°C). 
Periodic control of the metal is requi- 
red for pipelines, headers, tube coils 
of superheaters, flanges, and other 
boiler clements. All points where 
measurements are carried out should 
have reliable thermal insulation of the 
same conductivily as in other portions 
of a pipeline or a header. 

In order to control creep and the 
structure and mechanical properties 
of the metal in steam mains, they are 
provided with control sections 4.5 m 
long in easily accessible places near 
the boiler (see Fig. 25.3). If a pipe- 
line is made of pearlitic or ferrile- 
austenilic stec], bosses are fastened to 
the surface of the control section so 
as to control creep by variations of 
their diameter. With tubes made of 
austenitic steels, bosses are not used, 
and the residual deformation is mea- 
sured directly on the tube section by 
means of micrometers. Once in three 
years, a specimen is cut off from 
a control section for making mecha- 
nical and metallographic tests and 
chemical and carbide analysis of the 
main metal and weld seams (Fig. 25.4). 
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Bosses are welded on the surface of 
the control sections and, in addition, 
in straight portions of a pipeline more 
than 1.5 m long, in four points at two 
mutually perpendicular diameters. Al] 
measurements are made upon cooling 
of the metal at least to 50°C so as 
to exclude the effect of tomperature. 
Creep in headers is controlled in 
a similar way. Creep in superheater 
coils is controlled periodically by 
means of measuring brackots; this 
makes it possible to prevent emergency 
situations. 

The method of control sections is 
disadvantageous in that cutting of 
specimens is labour-consuming and 
the cut-off portions of tubes must be 
filled with metal by welding. Tho 
principal drawback, however, is that 
the variations in the metal propertics 
in a control section cannot bo fully 
representative of the variations in all 
other tubes, so that control of all 
tubes is required. 

Methods have been developed for 
the control of all tubes by non-destruc- 
tive testing, i.c. without cutting of 
specimens. Microstructural analysis of 
tho metal in operating tubes is carried 
out in place by means of a portable 
microscope with a photographic camo- 
ta, which is fastened to tho tube to be 
tested. The surface of tho tubo should 
be prepared, i.c. ground and polished 
by means of a drill with a set of 
grinding and polishing discs. 


4500 








_ woo 





Fig. 25.3. Test section of a steam pipeline 


J—steam pipeline; £— test section; s— bosses: d—snap gauge for measuring residual deformation, s—cutt- 
ing Specimens for tests; 7-Vi—cutting sequence 
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Fig. 25.4. Diagram of specimen cutting 


J—cut-off portion of pipeline; 2—specimen for 

tensile tests; s—speclmen for Impact toughness 

test; ¢—apecimen for carbide analysis, 5—speci- 
men for making microsection 


Non-destructive mechanical tests are 
finding over wider use for metal cont- 
rol at power stations. They are based 
on a definite relationship that exists 
between the hardness of a metal, as 
measured by indentation, and its 
principal mechanical properties. 

In these methods, the strength cha- 
racteristics of a metal, i.o. the yield 
strength o,., and the ultimate tensile 
strength o, are determined respecti- 
vely by the hardness at the yield 
limit, Ho.» and the Brinell hardness 
HB. The value of H,,, is found as the 
ratio of the indentation force Po, (at 
an indentation load 2 450 N) to the 
surface area Af of the indentation ob- 
tained on altaining a residual defor- 


Ch. 25. Metals for Steam Boilers 


mation of 0.2%. With an indenting 
ball of 10 mm diameter, the residual 
deformation of 0.2% is obtained when 
the diameter of indentation is 0.9 mm 
and Af =0.6 mm*. The ultimate 
strength o, is determined by measur- 
ing the Brinell hardness on indenting 
a ball 2.5 mm in diameter by the 
force 1 840 N. 

Ductility of a metal is characterized 
by the ductility characteristics: per 
cent elongation of a specimen with 
Ud =5 on tension, 6, and its 
contraction >. Per cent elongation is 
determined by the formula 


as 
20: + Op.2 


s= 100 (25.7) 


where A is the area under the stress- 
strain curve of a specimen tensioned 
to rupture, cm’. 

Contraction yp is found indirectly 
from the Brinell hardness of the 
metal. 

Non-destructive methods of metal 
control are quile convenient, but 
their accuracy is somewhat lower than 
that of direct tests of metal specimens. 

Thermal expansions of steam pipe- 
lines which usually form a complica- 
ted system in space, can cause redistri- 
bution of loads onto supports and 
result in excessive stresses in some 
portions of a pipeline. Expansions of 
pipelines operating at temperatures 
above 300°C are controlled by means 
of strain gauges. 
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